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DEDICATION

Parks are made to bring the music to the many,
but by the time many are attuned to hear it there is little left but noise.
- Aldo Leopold, A Sand County Almanac

This research is dedicated to making the voices of other creatures heard amid our noise.
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ABSTRACT

Anthropogenic noise is prevalent across many landscapes, posing a threat of
disturbance to countless human and wildlife populations. Studies have revealed that a
variety of organisms are negatively affected by an increasingly loud soundscape,
including auditory predators such as bats. Bats that exhibit a gleaning hunting strategy
passively listen for low frequency, prey-produced sounds. Anthropogenic noise often
falls within the same spectral range as important prey cues, potentially masking these
signals. I investigated the effects of two sources of anthropogenic noise, traffic and gas
compressor station noise, on the foraging efficiency of the North American gleaning bat
Antrozous pallidus in a laboratory experiment. Bats took significantly longer to find prey
under both types of noise at multiple intensities. This demonstrates that noise pollution in
general is an important consideration for managing gleaning bats and their habitats. Many
bats rely on echolocation for navigating and for hunting aerial insects, and several species
produce calls with low frequency components; thus, echolocating bats could also
experience interference from anthropogenic noise. To test how noise affects individual
bat species and assemblages of bats under field conditions, I examined bat activity levels
at 50 sites in a gas field located in New Mexico where sites with loud compressor stations
were matched with sites lacking a compressor. My data reveal that bats with low
frequency echolocation calls, including Tadarida brasiliensis, exhibited lower activity at
loud sites. It is possible that anthropogenic noise interferes with low frequency
components of calls, which could be the driver behind changes in activity level for this
vi

bat assemblage. The activity levels of several bat species and assemblages did not
respond to noise, suggesting that some species may be less prone to acoustic disturbance.
My results indicate that noise pollution is an important anthropogenic disturbance and
mitigation options should be considered for reducing its negative effects on bats.
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CHAPTER ONE: INTRODUCTION

Sound
Organisms use sound to communicate and to understand their biotic and abiotic
environment. Natural sounds such as wind or moving water (geophony) (Krause 1987)
combined with biological sounds from organisms, produced intentionally through
communication or unintentionally such as during locomotion, constituted historical
soundscapes. However, in recent millennia, human-made noise (anthrophony) joined this
natural cacophony (Pijanowski et al. 2011). Noise is sound that is considered unwanted
and can potentially interfere with the reception of important acoustic signals (Bradbury
and Vehrencamp 2011; Dooling and Popper 2007). Anthropogenic noise is largely a
result of mechanization from sources like vehicles and energy extraction infrastructure,
which is expanding at a greater rate than the human population (Barber et al. 2010).
These noises pose new and unique challenges to organisms adapted to a different and
quieter soundscape.
In her seminal work, Silent Spring, Rachel Carson (1962) discusses how the
health of an ecosystem can be assessed by the sounds it produces. She was especially
concerned with the lack of bird song in the springtime as a result of the fatal
consequences of the overuse of pesticides such as DDT. In recent decades, a new
understanding of soundscapes have found that habitats, such as the symbolic spring
Carson references, are often dominated by noise produce by humans. Anthropogenic
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noise is often intense and broadly distributed. There is a risk that noise pollution may
drown out natural choruses and possibly change biological communities.

Physical Properties
Physically, sound is a change in the level of pressure in a medium, which
propagates in the form of waves. Three steps characterize sound: production,
transmission, and reception. Factors that influence each of these processes range from the
morphology of the sound-producing structure to the temperature of the medium through
which the sound waves travel to the auditory system of the receiver. There are many
properties of a sound that allow it to be characterized and described (Bradbury and
Vehrencamp 2011).
The sound waveform is the change of pressure of the medium as a wave moves
through it, which is illustrated by an ocillogram. Another major component is the
frequencies that a sound contains and the intensities of those frequencies. The frequency
of a sound is the number of pressure changes over a unit of time. Frequency is measured
in hertz (Hz) and is what the receiver perceives as a sound’s pitch. The intensity of a
sound is the amount of energy in a wave, which is measured in decibels (dB), and is
sensed as the sound’s volume. Additionally, the receiver has a unique sensitivity to
different frequencies at varying intensities. This is known as an audiogram and affects the
perception of sound waves by an individual. Qualities of a sound can be depicted in a
spectrogram where the Y-axis codes for frequency and the X-axis represents time. Often,
intensity is represented on a spectrogram by a color gradient and can also be illustrated as
a power spectrum, which is a graph with frequency on the X-axis and intensity on the Y-
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axis (Giambattista et al. 2007). Sounds are prevalent in the natural world, and the ability
to detect sound as well as produce it is common throughout the animal kingdom.
Many animals have developed the ability to hear through the evolution of auditory
organs (Fay and Popper 2000). These organs range from simple, exposed tympana
designed to receive a limited range of frequencies, such as those found in insects, to
complex auditory organs and neural processing structures, such as those of many
mammals and birds. In addition to simply sensing sound, numerous animals produce
sound and use it for communication. A communication signal is intentionally created by a
sender and is perceived, processed, and interpreted by a targeted receiver (Bradbury and
Vehrencamp 2011). A signal encodes specific information and can have many functions,
including mating advertisements, alarm warnings, and begging calls.
In addition to communication signals, animals also utilize biotic and abiotic
signals that are not intentionally produced for a particular receiver. Rather, they are often
consequences of other activities. Environmental signals contain a broad spectrum of
information about the general surroundings, ranging from the presence of water, such as
the sound of a flowing river, to the approach of a predator, or the stirring of prey. Some
environmental sounds contain useful information to the receiver while others do not.
Sounds that lack value can be thought of as “noise.”

Anthropogenic Noise
The term “noise” is subjectively defined. In general, it can be considered a sound
that is unwanted, unpleasant, loud, or unexpected (Dooling and Popper 2007). More
specifically, noise is a sound that occurs simultaneously with a signal that prevents the
reception of the signal by the intended receiver (Bradbury and Vehrencamp 2011).
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Anthropogenic noise
oise is becoming more intense and widespread as a res
result
ult of increased
human activity.
Growth of the human population results in more transportation networks,
communities, and increased natural resource extraction, all of which have accompanying
noise (Barber et al. 2011).
). In the U.S., sounds
ounds from roads and natural gas compressors are
of particular import because of their extreme pervasiveness (Figure 1 and 2). Eighty-three
percent of land in the continental U.S. is within 11.06 km of a road (Ritters
ers and Wickham
2003). Figure 1 illustrates how much of the continental U.S. is blanketed with highways.
The presence of roads reaches beyond urban and suburban areas
areas;; in fact, roads influence
places that we often consider natural, such as National Parks. Figure 2 shows 24-hour
spectrograms of two National Parks. Kenai Fjords National Park in Alaska is very quiet
and has little sound throughout the entire 24-hour
hour sampling time. Conversely, Rocky
Mountain National Park located in Colorado has a major highway dividing it, resulting in
high intensity noise throughout the day and night.. This is a stark visual representation of
how traffic noise can pervade a natural area designated for protection.

Figure 1.

Distribution
ibution of principal arterial and rural minor arterial roads in the
contiguous U.S. (U.S. Department of Transportation 2013).
2013
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A.

B.

Figure 2.
A) A 24-hr
hr spectrogram of Kenai Fjords National Park,
Park Alaska. The
X-axis
axis is time with each line representing a 2-hr block and the Y-axis
axis is frequency
with intensity coded in a color ramp. This is an example of a quiet natural space. B)
A 24-hr spectrogram of Rocky Mountain National Park
Park,, Colorado.
Colorado This park is
much louder
uder as a result of the presence of a major highway running through the
core of the park (Fristrup 2013).

In addition to roads, natural resource exploration and extraction continues to grow
and spread throughout the U.S. ((Barber et al. 2011; Figure 3).
). Gas compressor stations
accompany all gas pipelines to maintain pressure in the lines. As a result,, they run nearly
constantly. Compressors stations are also associated with energy extraction wells and, as
such, can be widespread in gas fields (Figure 4). Compressor stations vary in size,
size
configuration, and noise production. However, all stations contai
contain
n engines and complex
machinery that can produce large amounts of high intensity ((90
90 dB(A)/103 dB(Flt))
dB(Flt)
broadband noise (less
less than 1 kHz to over 17 kHz
kHz).
The International
nternational Energy Agency (2012
(2012) projects that worldwide
orldwide energy demand
will increase more than 330% over the next 20 years. Additionally, the U.S. is expected to
develop 200,000 km2 of new land for energy extraction by 2035 (McDonald et al. 2009).
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As resource exploration
loration and development spread throughout
ghout the country and encroach
upon protected spaces, questions about the impacts of compressor station noise
disturbance on ecosystem
ecosystems are being addressed.

Figure 3.
Oil and gas well development potential in the western U.S. (modified
from Copeland et al. 2009). Black regions represent producing wells,
wells and the color
gradient indicates potential gas development
development, with red designating high potential
and beige representing low potential.

A.
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B.
A. Gas wells in the w
western continental U.S. (U.S. Geological Survey
Figure 4.
2012);
); B. Gas fields in the contiguous U.S. (U.S. Energy Information Administration
2013).

Noise pollution has been addressed at local, state, and federal levels. In 1963, the
Clean
lean Air Act (Subchapter IV: Noise Pollution) established the Office of Noise
Abatement and Control. Under this provision, the effects of noise on wildlife were
identified for investigation along with other research objectives ((Clean
Clean Air Act, U.S.
Environmental
ental Protection Agency 1963). Two other federal acts, the Noise Control Act
of 1972 and the Quiet Communities Act of 1978
1978,, established specific stipulations
addressing public health issues caused by noise and directed the coordination of noise
control across
oss multiple levels of government. Despite the defunding of the Office of
Noise Abatement and Control in 1981, the Noise Control Act still stands, and maintains
recognition of noise, by the government
government, as an important pollutant.

Conservation Concerns
Many animals require acoustic information to communicate, navigate, and hunt,
which makes them vulnerable to effects from a louder soundscape. Numerous studies
show that noise makes communication for a variety of taxa more difficult (Dooling
(
and
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Popper 2007; Francis et al. 2009; Nemeth and Brumm 2010; Patricelli and Blickley 2006;
Slabbekoorn and Peet 2003; Slabbekoorn and Ripmeester 2008; Weilgart 2007). One
mechanism that reduces signal perception is masking. Masking occurs when a signal is
buried within the same frequency range as noise, making the signal more difficult to
detect. Masking is a graded phenomenon where varying degrees of overlap of a signal
with another sound results in a range of effects on signal perception.
Organisms able to alter their communication signal to reduce masking often do so
to avoid negative impacts from noise (Slabbekoorn and Peet 2003). Birds, cetaceans,
primates, and at least one species of rodent alter the structure of their vocalization by
changing the timing, frequency, or intensity of calls or songs in response to
anthropogenic noise (Brumm and Slabbekoorn 2005; Nemeth and Brumm 2010;
Patricelli and Blickley 2006; Slabbekoorn and Peet 2003; Slabbekoorn and Ripmeester
2008; Warren et al. 2006). These signal adaptations can occur under chronic (Francis et
al. 2011a) changes in background noise levels and translate to a landscape scale with
ecosystem-wide ramifications (Francis et al. 2012).
Research that Dr. Clint Francis and colleagues performed in a natural gas
extraction field revealed numerous species-specific reactions to heightened background
noise levels. Noise functions as a filter on the natural bird assemblage (Francis et al.
2011a). The investigators found that the lower frequencies typically produced by larger
birds are much more prone to masking because they fall within the range of the gas
compressor station noise. However, the higher frequencies that smaller birds produce are
often outside of the masking range. This results in larger birds leaving the noisier areas
and smaller birds staying, which causes a change in the avian community. This shift in
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species distribution alters interspecies competition, predator-prey interactions, and
ecosystem services (Francis et al. 2009; Francis et al. 2012).
The Francis research shows that bird species able to live in louder areas
experience reduced nest predation because of the exclusion of some of the larger nest
predators, e.g., scrub jays (Francis et al. 2011b). At quieter well pad sites, nesting birds
experience 32% nest failure from predation, while at the louder compressor sites only
13% of nests fail as a result of nest predators (Francis et al. 2009). Noise disturbance that
alters predator-prey interactions can have a cascading effect on the broader ecosystem,
including such fundamentally important services as pollination and seed dispersal
(Francis et al. 2012). For instance, black-chinned hummingbirds (Archilochus alexandri)
are released from nest predation under noisy conditions, causing an increase in
pollination at compressor sites. The community of seed dispersers and predators respond
differently to noise. Mice (Peromyscus spp.), which are seed predators, occur in higher
numbers at compressor sites while western scrub jays (Aphelocoma californica), which
are seed dispersers, are less abundant at sites with noise. As a result, more pine seedlings
occur at the quieter sites, demonstrating a trophic cascade of noise effects. These studies
reveal the complex and widespread effects noise can have on an entire ecosystem at the
landscape scale.
Most research investigating the impacts of noise on wildlife has centered on
individual species, largely with a focus on the disruption of communication. However, as
Francis et al. (2009, 2011a, 2011b, 2012) indicate, the effects on predator-prey
interactions are important components of understanding the ecological ramifications of
noise. Acoustically specialized predators would seem particularly susceptible to effects

10
from a louder world. Many predators, including owls (Konishi 1973), primates (Goerlitz
and Siemers 2007), and bats (Schnitzler et al. 2003), locate prey by using environmental
sound cues, such as those produced by prey movement. These signals often contain much
of their energy in the same frequency range as anthropogenic noise, making them
vulnerable to spectral masking.
Spectrograms of traffic noise and gas compressor noise illustrate the frequency
and intensity characteristics of these pervasive sounds (Figures 5 and 6). Energy in both
types of noise falls mainly in lower frequencies (below 5 kHz) but range upward of 15
kHz. The spectra of these sounds and those produced by prey overlap substantially.
Mealworm sounds have a frequency range of up to 20 kHz, but most of the energy lies
within lower frequencies (Figure 7). Natural beetle walking sounds contain portions
ranging as high as 50 kHz (Siemers and Schaub 2011); however, the ultrasonic (> 20
kHz) frequencies of the sound decay very quickly as a result of excess atmospheric
attenuation. Similarly, the sounds produced by fluttering moths contain energy below 15
kHz, with the majority of energy within the range of 4.7-8.6 kHz (Bell 1982). The clear
spectral overlap of noise with the frequency range of critical prey-produced sounds
presents a potentially serious problem for acoustically dependent predators, including
gleaning bats.
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Figure 5.
Spectrogram of rroad noise that I recorded 10 m away
awa from the
shoulder stripe (76 dB
dB(A)) during morning rush hour in the summer of 2012 (N
43.598539, W -116.3486
116.3486, WGS 84). Relative intensity of the sound is illustrated with
a color ramp and quantified by a scale bar.

Figure 6.
Spectrogram of gas compressor noise recorded 40 m from the exhaust
pipe (76 dB(A)) in a gas field in Wyoming (N 42.41430, W -109.
109. 48660,
48660 WGS 84).
Relative
elative intensity of the sound is illustrated with a color ramp.
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Figure 7.
Spectrogram of the ssounds of moving mealworms (5 g of live
mealworms (~ 50 individuals) in a paper-lined
lined bowl, recorded 10 cm away).

Widespread distribution and complex effects of anthropogenic noise make this
type of disturbance one of the most important conservation concerns
ns of the modern era.
The continuing increase in global energy demand means alternative fossil fuels such as
natural gas and tar sands will be exploited at a faster rate
rate, and renewable resources like
wind and solar will become more dominant on Earth’s land
landscape.
scape. All these energy
extraction and collection processes produce a unique acoustic footprint,, which should be
considered when siting developments and mitigating impacts
impacts. Approximately 81% of
federal lands with potential for oil and gas development have sold or leased the energy
rights to private companies (Copeland et al. 2009), and the BLM has identified 20.6
million acres of public land that has potential for wind energy production (U.S.
(
Department of the Interior 2013).
Studies of songbirds
songbirds, cetaceans, and amphibians reveal how noise affects
communication signals. However, communication is only one aspect of an organism’s
life. An even more fundamental element of any individual’s existence is survival, which
is inextricably linked to nourishment. Effe
Effective foraging is essential to existence and,
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consequently, reproduction, making foraging behavior extremely important to
understand.

Foraging
Attaining adequate sustenance is the foundational component of the existence of
any organism. For animals with high metabolic demands, efficient foraging is even more
critical. Energy is required for the activities of locomotion, basal metabolism,
assimilation of nutrients, production (energy storage, reproduction, and growth) and, for
endothermic mammals, thermoregulation (Karasov 1992). Small mammals experience
even greater metabolic demands as a result of high surface area to volume ratios, which
increase heat loss. Additionally, smaller organisms have a lower fat storage to use ratio,
resulting in a greater risk of starvation when meals are missed (McNab 1982). As a
consequence of their small size and high metabolic requirements, bats are susceptible to
both these limitations and thus exhibit a variety of physiological challenges and coping
mechanisms.
Bats are required to be energetically efficient as a result of the high energy
demands of flight, small size, and expensive life-history stages. Bats spend 38-74% of
their daily energy foraging, which makes foraging one of the most taxing and important
behaviors for this taxonomic group (Karasov 1992). Bat species vary in metabolic
requirements and strategies, as a result of different body sizes, diets, and environmental
temperatures (Barclay 1991). Small insectivorous bats that occur in temperate regions
perhaps exemplify the greatest energy challenges. In addition to taxing life-history stages
such as pregnancy, lactation, and preparation for hibernation, the shorter summer nights
reduce the amount of available hunting time, making efficient foraging imperative.
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Many bat species are facultative poikilotherms rather than constant endotherms.
Insectivorous bats lie below the Kleiber curve of body temperature to environmental
temperature that describes operational endothermy (McNab 1982). Species that fall
below this curve experience daily periods of torpor. In this state, an organism’s
temperature, heart rate, and metabolism drop substantially, reducing the rate of use of
stored energy (McNab 1982). Even with this remarkable ability to conserve energy, many
bat species function on the threshold of meeting metabolic energy requirements (McNab
1982). One to several nights without food can push individuals of some species over this
precarious energy threshold (McNab 1982). For instance, vampire bats that do not feed
for 70 hours will perish (McNab 1973).
Currently in North America, the rapidly spreading epidemic of White Nose
Syndrome (WNS) is decimating bat populations. This zoonotic disease causes mortality
of bats by robbing them of their scarce energy reserves during hibernation (U.S.G.S.
National Wildlife Health Center 2013). The fungal pathogen interrupts the extended
period of torpor many bats experience during the winter months. This state of hibernation
allows bats to survive on fat reserves during periods of low insect activity and harsh
weather conditions. However, once this sensitive phase is disrupted, as a result of a
disease like WNS or some other disturbance, the animal uses precious energy reserves to
rouse from sleep (Thomas 1995). A study investigating the effects of non-tactile human
disturbance on hibernating bats found that, on average, a little brown bat (Myotis
lucifugus) uses 108 mg of fat to become active (Thomas 1995). This amount of energy
could sustain the animal for 68 days in a state of torpor (Thomas 1995) and represents
about 1:100th of the average body mass. Eventually, after being roused from sleep several
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times, a bat will deplete its fat reserves and starve. The dramatic effect that one instance
of waking from torpor has on the sensitive energy balance of bats illustrates the need for
energy efficiency in all aspects of their existence.
Optimal foraging theory was first proposed by Robert MacArthur and Eric Pianka
in 1966 and has since sparked intense investigation and discussion in the field of foraging
ecology (Stephens and Krebs 1986). The foundational concept of Optimal Foraging is
that an organism attempts to maximize net energy intake, achieved by selecting the most
profitable food item, and minimize energy expenditure in the form of food handling and
time spent searching (MacArthur and Pianka 1966). This rudimentary simplification of
foraging strategies holds true in the prey selection of some bat species, including the
focal species for my laboratory investigation, pallid bats (Antrozous pallidus).
Of all size classes of prey available to wild, hunting pallid bats, the optimum size
class that requires the least amount of time to find and handle are of intermediate size
(Bell 1982). Smaller prey items are more difficult to detect as a result of less sound
production and larger prey items require substantially more handling time and involve
greater risk, as many larger moths possess spurs and spines (Bell 1982). Pallid bats
consume prey of intermediate size significantly more than larger and smaller prey items,
which indicates that A. pallidus maximizes energy intake per unit time and is thus
consistent with the criteria of optimal foraging (Bell 1982). This careful balance of
energy expenditure and consumption demonstrates the importance of efficient foraging.
In addition to high energy demands, bats exhibit a suite of interesting and complex
physiological and ecological traits.
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Bat Ecology

Natural History
Bats provide many important ecosystem services, including pollination, seed
dispersal, and regulation of insect populations. Humans directly benefit from these
services, in the form of reduced crop damage by controlling pests, pollination of
economically valuable plants, and decreased numbers of insects that act as disease
vectors (Kunz et al. 2011). These benefits are irreplaceable both ecologically and
economically, making bats critical to conserve. Additionally, bats serve as bioindicators,
revealing wider ecological problems with population fluctuations and declines (Jones et
al. 2009). Bats are widespread, diverse, and often high on the trophic scale, frequently
functioning as secondary or tertiary consumers (Jones et al. 2009). They are also sensitive
to a variety of human disturbances, such as deforestation and climate change, which
affect many other taxa (Jones et al. 2009). Thus, monitoring of bat populations can
inform managers and policymakers of overall ecosystem health (Jones et al. 2009).
Bats are distinct in many regards, including their ability of powered flight, which
is unique among mammals, and sophisticated use of echolocation. With over 1,200
described species, a widespread geographical distribution covering six continents, and a
staggering array of interesting morphological features, bats are an extremely diverse
group (Bat Conservation International 2013; Kunz and Pierson 1994). The earliest fossil
records of ancestral bats date back about 50 million years to the Eocene epoch (Kunz and
Pierson 1994). These specimens are similar morphologically to modern species (Jepson
1970; Novacek 1985; Habersetzer and Storch 1989), implying an ancient lineage older
than what is portrayed in the fossil record. Little is known about the evolution of bats as a
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result of the paucity of paleontological evidence. Night skies may have represented an
open niche with abundant arthropod prey and few competitors and predators. In this
manner, arboreal insectivores that eventually made the transition to the sky may be the
ancestors of modern bats (Norberg 1990).
In class Mammalia, order Chiroptera (“hand wing”), there are currently two
recognized suborders of bats that are morphologically distinct: Megachiroptera and
Microchiroptera (Koopman 1993). The initial and most striking characteristic of any bat
is its capability of powered flight. This unique ability among mammals is made possible
by highly modified hands, where a thin membrane of tissue stretches across elongated
fingers. In most Microchiropterans, there is an additional membrane, the uropatagium,
which connects the hind limbs and tail. Flight requires lift and thrust to overcome the
forces of gravity and drag caused by friction. Lift is achieved by the pressure imbalance
created by the curved airfoil of the wing and is controlled by the camber of the wing,
while thrust is a result of flapping the wings.
Wing morphology and flight pattern vary across species and reflect different
flight foraging strategies and diets (Aldridge and Rautenbach 1987; Fenton 1992;
Norberg 1990; Norberg and Rayner 1987; Figure 8). The aspect ratio of a wing is the
wing area divided by the wingspan squared and is adapted to the foraging habitat. High
aspect ratio wings are typically long and narrow, indicating fast flying bats that feed in
open space. Conversely, low aspect ratio wings are short and broad, adapted to slow,
more maneuverable flight, characteristic of feeding in closed, cluttered habitats (Baagoe
1987; Fenton 1992; Norberg 1990; Norberg and Rayner 1987). Wing loading is another
important characterization of wing shape. This is calculated from dividing the body
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weight of the animal by the wing area. In general, bats with high aspect ratio wings have
high wing loading whereas species with low aspect ratio wings have low wing loading.
Several studies relate wing morphology, specifically wing aspect ratio, to the extinction
risk of a species (Jones et al. 2003; Safi and Kerth 2004). This is in part because bats with
high aspect ratio wings fly faster and higher while bats with low aspect ratio wings fly
slower and closer to clutter, making them more prone to predation. Thus, wing
morphology is a specific physical trait that can be used to assess conservation status.

Figure 8.

Variation in bat wing morphology with wing loading increasing on the
X-axis and aspect ratio increasing on the Y-Axis (Stimpson 2012).

Bats have highly developed auditory systems capable of refined echolocation. The
process of echolocation creates an acoustic “image” of an area as a result of the reflection
of sound produced by a bat off nearby objects (Griffin 1958). Echoes provide information
about the size, location, and reflective properties of the material.
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Within the suborder Megachiroptera, only bats in the genus Rousettus echolocate,
and they do so by clicking their tongues. Bats in this genus use this simple form of
echolocation for navigation in dark spaces. Megachiropterans forage on fruit and nectar
and consequently use olfaction and vision to locate food. Conversely, all members of
Microchiroptera echolocate and use their vocal chords or larynx to produce sound. Bats
in this group use echolocation for orientation and prey localization (Fenton 1984).
However, in some instances, foraging bats also use vision or passive listening (Kunz and
Pierson 1994). Calls are typically emitted through the mouth, although leaf-nosed bats
(Phyllostomidae) focus calls through their nostrils where the fleshy leaf-like protuberance
acts as an acoustic lens and magnifies the sound. As a result of the importance of sound,
many Microchiropterans have prominent pinnae (external ears) that vary in shape, size,
and complexity (Fenton 1984; Orbist et al. 1993).
The types of echolocation calls that bats produce vary in intensity, frequency,
bandwidth, and length, and the calls are suited to the foraging habitat and types of
information the bat is seeking (Lawrence and Simmons 1982; Schnitzler and Kalko
2001). Echolocation call structure follows a continuum from constant frequency (CF) to
frequency modulated (FM). Most calls fall in the ultrasonic range (> 20 kHz) up to 200
kHz, although some bats produce calls as low as 10 kHz (Fenton 1992). Calls can be
quiet, such as those produced by “whispering bats,” which include members of the
families Phyllostomidae, Nycteridae, Megadermatidae, and some Vespertilionidae
(Griffin 1958), or loud (up to 120 dB; Fenton 1992), depending upon the prey and the use
of the call. In areas where prey items are close to objects, such as vegetation or the
ground, bats have difficulty differentiating between echoes from prey and echoes from
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the surroundings. This is referred to as clutter and, as a result, prey in open habitats are
generally easier to detect when bats are using echolocation. Low, constant frequency calls
are useful when a bat is hunting in open space and is maximizing prey detection distance.
Frequency modulated (FM) echolocation calls are useful to bats when they hunt in
a short range, cluttered environment. FM calls span a band of frequencies, allowing the
bat to use differences in the spectral structure of the echoes to classify objects. The shape
and size of an object reflect particular frequencies at different amplitudes. Thus, an FM
call allows a bat to distinguish between objects within a size range sensitive to the
frequency band of the echolocation call (Schnitzler and Kalko 2001). This increased
ability to discriminate between objects is an advantage in a cluttered environment,
although it comes at the cost of decreased detection distance. Often, bats foraging at the
interface of open and cluttered habitat switch between low, constant frequency calls and
frequency modulated calls to both detect and classify prey items (Simmons and Dear
1992).
Gleaning bats that take prey directly off a substrate experience the most extreme
amount of clutter (Rainho et al. 2010). In this situation, there is very little difference
between echoes reflected by the prey item and the background substrate, making
echolocation an inefficient tool for prey localization. In response to this sensory
constraint, bats that glean prey from a substrate resort to using passive listening to detect
prey-produced sounds.

Study Species for the Laboratory Experiment
Pallid bats, Antrozous pallidus (LeConte), are one of the few bat species that
exhibit an obligate gleaning strategy and are reliant on passive listening for prey
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localization (Picture 1). Pallid bats are in the family Vespertilionidae and are the only
species in the genus Antrozous (Nowak 1994). Adults range in size from 17-28 g with
forearm lengths of 45-60 mm. Pallid bats are broadly distributed throughout western
North America (Figure 9) where they occupy deserts and dry pine and oak woodlands
(Hermanson and O’Shea 1983; Nowak 1994). They roost in crevices, rock outcroppings,
caves, mines, buildings, and hollow trees. During cooler months, some populations
hibernate while others migrate (Nowak 1994). Pallid bats have light pelage and large ears
that are tuned to low frequency sounds.

Picture 1.

Antrozous pallidus (J.S. Altenbach).

Pallid bats are social rather than solitary. Individuals exhibit gathering behavior
before roosting, involving vocal communication with conspecifics (Vaughan and O’Shea
1976; Kerth 2008; Arnold and Wilkinson 2011). Social calls between individuals have
also been documented (Brown 1976). Additionally, observational learning (Gaudet and
Fenton 1984) and a recent observation of apparent teaching behavior (Chapter 5) are
consistent with a high degree of sociality in the species.

22

Figure 9.

Range of Antrozous pallidus in the United States (Bat
Bat Conservation
International
International, NationalAtlas.gov 2013).

Pallid bats are obligate gleaners when foraging. Evidence for this determination
includes a diet comprised almost entirely of ground-dwelling prey species, including
centipedes, ground-dwelling
dwelling beetles, grasshoppers
grasshoppers,, spiders, crickets, scorpions, and the
occasional mouse or lizard (Johnston and Fenton 2001; Lenhart et al. 2010). Pallid bats
hunt 0.5-2.5
2.5 m from the ground (Nowak 1994) and at times walk when they forage
(Fuzessery et al. 1993). Ground hunting behavior is known from direct observations (Orr
1954). Additionally, pallid bats have been found in small mammal traps, where they were
thought to be foraging on inse
insects
ts attracted to the bait in the trap (Orr 1954). Pallid bats
rely exclusively on passive listenin
listening of prey-produced sounds when
en hunting (Fuzessery et
al.1993). These bats also do not produce echolocation calls when attacking prey,
prey and
feeding buzzes, characteristic of echolocation use when hunting, are not heard (Bell
1982). Pallid bat usee of passive listening is suggested by their audiogram, which is highly
sensitive to low frequencies corresponding to those produced by moving prey (Figure
10).
). This range of hearing and the cues required for prey localization have spectral
overlap with anthropogenic noise. The potential interference of noise with pallid bats’
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ability
ity to efficiently hunt puts this species at particular risk, furthering the importance of
their examination. Possible ecological problems associated with anthropogenic noise
have been investigated using both laboratory and field studies,, although the focus was on
species other than pallid bats (Schaub et al. 2008; Siemers and Schaub 2011).
2011

Figure 10.
Physiological audiogram for an adult pallid bat ((modi
modified from
Brown et al. 1978). A physiological audiogram is created by using electrodes to
record the response of auditory neurons to different frequencies.
frequencies

Previous Research
As a result of their size and natural history
history, bats have high metabolic requirements
requireme
and rely on intensive foraging bouts to meet energy demands. During pregnancy and
lactation, females are particularly burdened to obtain large amounts of calories and are
most vulnerable to disturbance and negative reproductive effects (Kunz et al. 1982;
Barclay 1989). Additionally, bats experience a period of rapid growth and fat
accumulation in preparation for their first winter, making young of the year especially
sensitive to negative effects on foraging (Kunz et al. 1982). The direct link between
betwee a
bat’s fitness, including both survival and reproduction, to the efficiency with which it
forages makes the investigation of the effects of noise on foraging habitat of concern.
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Several studies have investigated aspects of the effects of anthropogenic noise on
gleaning bat foraging. The European, facultative gleaning bat Myotis myotis (picture 2)
chooses to avoid areas with high background noise levels (Schaub et al. 2008), and
experiences negative effects of traffic noise on hunting efficiency (Siemers and Schaub
2011). A choice experiment tested if bats avoid areas with noise and whether noise
frequency and time structure affect its deterrent qualities (Schaub et al. 2008). The
experiment was conducted in a partitioned flight room with a quiet (control) side and a
noise-treated side. Four noise treatments were used: an empty track as a control,
computer generated broadband noise (sampled at 192 kHz), traffic noise recorded at 7.5
m from a road (up to 60 kHz), and the sound of moving reed vegetation. Broadband and
traffic noise were played back at 80 dB, with the vegetation noise playback at 68 dB
(weighting not reported).

Picture 2.

Myotis myotis (Milos Andera)

Schaub et al. (2008) tested seven male bats in the different noise conditions with a
prey stimulus of a bowl baited with 4 g of live mealworms. The bats spent less time in the
compartment with noise. The different noise types varied in how much they affected the
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length of time the bats spent flying in the stimulus compartment and the rate of successful
prey captures. The broadband, computer-generated noise exhibited the greatest effect,
followed by the vegetation sounds, and then traffic noise.
Siemers and Schaub (2011) specifically tested the effects of traffic noise on the
foraging efficiency of M. myotis. Eight male bats were allowed to hunt in a flight room
where speakers played recordings of insect walking sounds. The noise treatments
included an empty track playback as a control and continuous traffic noise at five
different distances from a road: 7.5 m, 15 m, 25 m, 35 m, and 50 m. With increasing
distance from a road, the intensity and bandwidth of the noise decrease. The authors
digitally generated the traffic treatments from the recording made 7.5 m from a road. The
frequency and amplitude decay was calculated and applied to create tracks at further
distances. The traffic stimuli were played at a level representative of the loudest 0.5 s of a
passing vehicle, which the investigators looped and played continuously throughout a 1minute trial period. Then length and success of bat foraging bouts were measured.
Siemers and Schaub’s (2011) results indicate that the bats have reduced foraging
efficiency under the traffic noise treatments. Foraging success decreases and search time
increases as the traffic noise becomes louder (i.e., as proximity to the road increases).
The researchers’ compared the continuous, generated traffic stimuli used in the
primary experiment with a track that contained the natural lulls present in traffic noise.
Bats took longer to find the played back prey sounds when exposed to continuous noise
as compared to the transient road noise. Consequently, Siemers and Schaub (2011)
argued that the mechanism causing a reduction in foraging efficiency was that of spectral
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masking because there appeared to be an immediate release from the effect during short
quieter periods of the transient traffic noise.
The studies conducted by both Schaub et al. (2008) and Siemers and Schaub
(2011) establish that a louder environment negatively affects the ability of a European
gleaning bat to find and capture prey. There are two primary hypotheses to explain the
mechanism underlying why gleaning bats experience reduced foraging efficiency in
noise. One possible mechanism is spectral masking, where the frequency range of
anthropogenic noise overlaps those of the prey-produced sounds, making it more difficult
for bats to detect the prey signal (Dooling and Popper 2007). A second potential
mechanism is that of distraction. The distraction theory posits that a bat can still detect
the prey-produced sound, but the added background noise requires additional attention
and neural processing, resulting in an informational bottleneck and a reduction in the
efficiency with which the bat performs a task (Chan et al. 2010; Purser and Radford
2011).
My study builds upon this previous research by examining the potential effects of
two types of anthropogenic noise on a North American, obligate gleaning bat. I examined
how well pallid bats foraged when exposed to traffic noise and to noise created by gas
compressor stations. I selected these sources of noise for their prevalence across the
landscape and for their differing spectral characteristics. Gas compressor station noise is
broadband and temporally consistent, while road noise is more narrowband and transient.
These differing noise treatments allowed me to examine effects of both noise frequency
and time structure. For experimental stimuli, I used recordings made in the field that were
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calibrated to the laboratory speakers and played at intensity levels closely matching those
recorded in the field.
Wild bats are also negatively affected by road noise disturbance (Bennett and
Zurcher 2012). Upon investigating five commuting routes bats use, Bennett and Zurcher
(2012) found that gaps at the road greater than 2 m caused bats to turn around. The
turning frequency increased as noise increased and a disturbance threshold of 88 dB was
determined (the dB weighting was not reported, but dB(A) integrated over 1 second is
assumed).
Acoustic monitoring of transects perpendicular to major roads found that total bat
activity and species diversity both decrease as one approaches busy roads (Berthinussen
and Altringham 2012). As a result of the distance over which effects were found (up to
1600 m from the road), noise was not deemed to be the primary cause of a reduction in
both bat activity and species diversity. However, noise cannot be ruled out as at least one
component of the overall disturbance caused by roads. Instead, because the activity of
high-flying bats did not decline as much near roads, roads were characterized as habitat
barriers and collisions with vehicles were identified as the foremost problem.
Another study found that bats avoid crossing roads when there is traffic (Zurcher
et al. 2010). This observational study concluded that the avoidance response exhibited by
the bats was a result of a perception of threat by the vehicles themselves. It is challenging
to control for many variables associated with complex infrastructure such as roads. I
attempted to reduce the variability from confounding factors from infrastructure between
loud and quieter sites with a matched design in a natural gas field, to better understand
how noise affects a natural bat assemblage.
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Using passive, acoustic monitoring, I sampled bat activity at sites with loud gas
compressor stations and quieter sites with only well pad stations. The study site is located
in the second largest gas extraction field in the country, the San Juan Basin, in
northwestern New Mexico. The matched design helped reduce variation from factors
associated with the infrastructure other than noise, such as presence of roads and human
activity. Additionally, I modeled noise with other important environmental variables that
likely affect bat activity and, in doing, so I attempted to assess the effects of gas
compressor station noise on a natural bat assemblage.
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CHAPTER TWO: EFFECTS OF TRAFFIC AND NATURAL GAS COMPRESSOR
NOISE ON THE FORAGING EFFICIENCY OF PALLID BATS

Abstract
Anthropogenic noise is a widespread source of global disturbance that is
increasing faster than the growth of human populations. Road networks and energy
extraction developments are two rapidly expanding, spatially extensive sources of noise.
Acoustic predators are particularly sensitive to a louder soundscapes because of their
reliance on prey-produced sounds to hunt. Gleaning bats, which use passive listening for
prey localization, are an example of such a predator, and some European gleaning bats
show reduced foraging efficiency in played back traffic noise. I examined foraging
efficiency of captive pallid bats (Antrozous pallidus), a North American gleaning species,
exposed to both traffic and gas compressor noise, each at five levels of intensity, ranging
from 58 – 76 dB(A). Both noise sources are widespread throughout the range of pallid
bats and produce sounds within the same frequency range as important prey cues. Both
gas compressor and traffic noise significantly increased foraging search time. However,
there were no strong differences in how the two noise types or five intensity levels
affected the bats. With anthropogenic noise potentially affecting large areas of pallid bat
habitat, the deficit in foraging efficiency I describe might illustrate landscape-level
degradation of foraging habitat as a result of noise pollution and calls for managing the
effects of noise for these acoustic predators.
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Introduction
The world is becoming louder as a result of the expansion and intensification of
anthropogenic noise across the landscape (Barber et al. 2010). Noise from transportation
networks and energy development in particular is growing at an unprecedented rate
(Barber et al. 2011; Northrup and Wittemyer 2013). The perception of important acoustic
signals is vital to the survival and reproduction of many organisms (e.g., Dooling and
Popper 2007). Thus, disruption of signal reception could have fitness consequences for
the individual and could translate to other trophic levels (Francis et al. 2009, 2011a,
2011b, 2012). Noise pollution negatively affects a variety of taxa from whales
(cetaceans) to Greater sage-grouse (Centrocercus urophasianus) by interrupting the
successful transfer or reception of critical auditory information (Nowacek et al. 2007;
Patricelli and Blickley 2006; Payne and Webb 1971).
Previous research has largely focused on the effects of noise on the vocal
communication of birds (Dooling and Popper 2007; Francis et al. 2009; Nemeth and
Brumm 2010; Nowacek et al. 2007; Patricelli and Blickley 2006; Slabbekoorn and Peet
2003; Slabbekoorn and Ripmeester 2008; Weilgart 2007). Although communication is
important, particularly for mating, successful foraging is vital for survival. Effects of
noise on acoustic predators such as owls, some primates, and gleaning bats (Goerlitz and
Siemers 2007; Konishi 1973; Siemers and Schaub 2011) are particularly salient. For
instance, foraging efficiency of European gleaning bat, Myotis myotis, declines when this
species is forced to hunt in traffic noise as evidenced by fewer successful hunting bouts
and more time spent searching for food in louder noise treatments (Siemers and Schaub
2011). These bats also avoid traffic noise when given the choice (Schaub et al. 2008).
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Pallid bats, Antrozous pallidus, exhibit an obligate gleaning hunting strategy and
are widespread throughout western North America (Nowak 1994). These bats rely on
passive listening to localize and hunt ground dwelling arthropods (Fuzessery et al. 1993;
Johnston and Fenton 2001; Lenhart et al. 2010) and they show high sensitivity to
frequencies that correspond to the spectral range of prey movement sounds (Brown et al.
1978). Anthropogenic noise includes frequencies that overlap the frequency spectrum of
prey cues. This introduces a potential problem of spectral masking of important prey
sounds. Distraction, which does not rely on spectral overlap, is another possible
mechanism that could reduce foraging efficiency (Chan et al. 2010; Purser and Radford
2011).
In a laboratory experiment, I measured the foraging efficiency of pallid bats under
traffic and gas compressor noise treatments at multiple levels of intensity. I selected these
noise sources for their prominence over the North American landscape and because they
represent differences in spectral and temporal structures. To this latter point, gas
compressor station noise is broadband and temporally constant, whereas traffic noise is
more narrowband and temporally variable. I recorded gas compressor station and traffic
noise stimuli from sources on the landscape and calibrated them for laboratory playback
to foraging pallid bats. Intensity levels were quantified to permit cautious generalization
beyond the specific noise stimuli used, allowing results of this study to be applied to a
variety of management contexts. By examining the effects of ecologically relevant noise
on pallid bats, I attempt to broaden the understanding of conservation needs of gleaning
bats. Additionally, by investigating the effects of gas compressor station noise, this
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widespread and important source of acoustic disturbance can be more specifically
considered for conservation measures.
I tested the following hypotheses: (1) that anthropogenic noise affects the
foraging efficiency of pallid bats, (2) that the spectral and temporal structure of a noise is
important when considering its effects on acoustic predators, and (3) that the effects of
noise vary with intensity. I predicted that under all anthropogenic noise treatments, pallid
bats would experience an increase in search time for prey items and a decrease in
successful prey captures. I also anticipated that more broadband, constant, and intense
stimuli would result in a greater reduction of foraging efficiency.

Methods

Capture and Housing
I captured pallid bats at Bruneau Dunes State Park in southwestern Idaho,
between June-August 2012 and July-August 2013. I caught bats using mist nets and hand
nets under Idaho Department of Fish and Game Permit #110615, and transported and
housed them according to Boise State University IACUC protocol # 006-AC12-006.
Over the course of both seasons, I captured and housed 14 bats, with a total of 12 bats
(eight adult females, three juvenile females, and one juvenile male) successfully
completing experiments.
I housed the bats in groups of 4-5 individuals in small, soft-sided pet carriers (43
cm x 61 cm x 51 cm). I hung towels (100% cotton) from the ceiling and placed artificial
rocks on the floor of the cage for the bats to sleep and hide in. I exposed the bats to an
8:16 light:dark cycle. Experiments began at least one hour after lights off to allow the
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bats time to become naturally active. I provided water ad libitum and mealworms
(Tenebrio molitor (Coleoptera: Tenebrionidae) larvae) with vitamin supplements to
maintain weight (Lollar and Schmidt-French 2002). After completion of all trials, I
released the bats in groups, after dark, at the site where they were captured.

Flight Room Setup and Equipment
I conducted experimental trials in a flight room (Figure 11). The room (6.8 m long
x 5.6 m wide x 3.9 m high) is lined with anechoic foam to reduce echoes and has a
background level of 33 dB(A) weighted (an average of 15 sound pressure levels
integrated over 3 minutes). A flat weighting for measuring sound intensity level is more
appropriate for the audiogram of bats, because they are sensitive to a broader range of
frequencies. However, it was not possible to accurately measure the flat weighted
intensity level of the traffic and gas compressor station noise sources in the field because
of multiple other sources of noise being integrated into a flat weighting measurement. For
this reason, I used an A weighting for measuring both field and laboratory levels of noise.
An A weighting more closely matches the human audiogram (20 Hz - 20 kHz) and is less
influenced by additional high and low frequency sounds, such as low frequencies
traveling from additional, far away noise sources. The A weighting is commonly used in
road ecology studies and is potentially more available to managers with a basic set of
tools, such as a smart phone application.
During experiments, from a room adjacent to the flight room, I released bats into
the flight room from a holding box (30.5 cm x 30.5 cm x 30.5 cm). Bats varied in the
amount of time they took to leave the box once it was opened. To minimize the amount
of sensory information they could collect during this period, I placed a sound-dampening
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wall (1 m x 1.25 m sheet of plywood covered with anechoic foam) vertically 0.6 m in
front of the release box. With the door to the release box open and the sound dampening
wall in place, the inside of the box was an average of 7 dB(A) quieter than the
surrounding room when noise treatments were played. With the door closed, the interior
of the box was an average of 9 dB(A) quieter than the room when noise treatments were
played. This reduction in sound decreased the possibility that the bats gained acoustic
information of prey location while in the box.
I applied noise treatments to the room using four higher frequency speakers
(Swans, RT2H_A, Frequency response curve 1 kHz - 70 kHz) and two speakers with
lower frequency response curves (Bird speakers, Frequency response (70 Hz - 25 kHz (±
3 dB)). I mounted the higher frequency speakers in custom-made boxes and positioned
them equidistant from one another on the two long walls of the flight room while the low
frequency producing speakers were placed in the middle of each short wall. This
arrangement created a sound field that was close to uniform with an average of ± 4
dB(A) of variation.
I recorded trials with a high-speed, infrared camera (Basler Scout) at 100 frames
per second. I used infrared light (Wildlife Engineering, RayTec) to illuminate the room.
The cameras perceive infrared light whereas bats do not appear sensitive to it (Finley
1959). Echolocation behavior was recorded with three to four ultrasonic microphones
(Avisoft CM16/CMPA; 10 kHz - 200 kHz) that were synchronized with the camera.
Ultrasonic microphones were optimally placed to detect if bats were echolocating.
For experimental trials, I placed a hunting arena in the middle of the room. The
arena consisted of a plastic platform (2.4 m x 3.6 m) with 30 recessed bowls arranged in a

35
6 x 5 grid (columns 40 cm apart and rows 60 cm apart). Within the arena I randomly
placed a bowl of live mealworms as the prey stimulus. I baited the bowl with 5 g of live
mealworms and lined it with paper to amplify the sound of the moving insects. The
movement of a group of mealworms produces sounds similar to natural prey items such
as beetles walking on soil or leaf litter (Schaub et al. 2008; Goerlitz et al. 2008).
All 30 bowls were identical, lined with paper, and covered with a screen to
prevent the bats’ from accessing the mealworms and to reduce the potential use of
echolocation for localization (Barclay and Bringham 1994). I placed a freshly killed
mealworm food reward on top of the screen of the bowl containing live mealworms. The
remaining bowls served as controls and contained a comparable number of freeze-dried
mealworms as the live bowl. This controlled for the presence of mealworms as well as
the olfaction and echolocation signatures produced by the bowl with live mealworms. I
glued artificial mealworms to the top of the screens of the control bowls to replicate both
echolocation and olfaction cues of the dead mealworm reward. I constructed the artificial
mealworms from rolled pieces of black electrical tape, and I left them in containers with
live mealworms for at least three days in an effort to replicate olfaction cues. The
placement of the live bowl in the experimental platform was randomized before each trial
to avoid habituation by bats to a single bowl location and to account for any variations in
the sound field that might have made some bowl positions easier to localize in noise.
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Figure 11.
Above view of the fflight
light room where experimental trials were
conducted. A batt release device ((rectangle)) in one corner allowed remote
introduction of the bat to the flight room and an acoustic barrier (black rectangle)
shielded the bat from acoustic prey cues until it left the box. Six speakers (4 high
range (black) and 2 low/medium range (grey))) mounted on the walls created an even
sound field for noise treatments. A high-speed
speed camera opposite the bat release box
recorded trials under infrared light. An arena with 30 bowls was centered in the
middle of the room. One randomized bowl (solid black circle)) contained live
mealworms.

Treatment Recordings
I recorded traffic noise during morning rush hour, 08:00-09:00, over several days
in the summer of 2012, in an open field next to Interstate 84, off exit 44, near Boise,
Idaho, U.S.A. (N 43.598539
43.598539, W -116.3486, WGS 84). Air
ir temperature during all
recordings was between 17 and 223o C. Recordings were made at the height of rush hour
to ensure that the road behaved as a line source. The road is a six-lane
lane highway with
concrete surfacing and has a speed limit of 105 km/hr. I used a range finder to determine
the distance to the nearest
nearest, white,
te, shoulder stripe of the road. I made recordings with a
Sennheiser ME66 microphone (frequency response of 40 Hz to 20,000 Hz (± 2.5 dB)) and
a Roland R05 recorder at a sampling rate of 96 kHz. Three minute recordings were
coupled with simultaneous dB(A) intensity level integrations ((Larson
Larson Davis 824 decibel
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meter) and video recordings (Panasonic HM-TA20, Full HD, Waterproof cam) for traffic
quantification. An average of 460 cars and trucks, four motorcycles, and nine larger
vehicles such as busses, RVs, or delivery trucks, passed by within the 3 minute recording
periods. I made three separate recordings of traffic noise for each distance from the road
up to 160 m away, over the course of two recording days.
Gas compressor noise was recorded at the Gobbler’s Knob (N 42.41430, W -109.
48660, WGS 84) and Bridger (N 42.25421, W -109.42301, WGS 84) compressor stations
in Wyoming, U.S.A., using the same equipment and protocol described for traffic noise
recordings. Recordings were made on 8/31/12 and 9/1/12 from 22:00 to 03:00 at air
temperatures of 10 - 12o C and with distances measured from the center of the compressor
station. One to two recordings were made at multiple distances from the compressor
stations.
Twelve noise treatments were used in the experiment: seven during 2012 and an
additional five in 2013 (Figure 12). An ambient level (average 33 dB(A)), empty track
file (35 dB(A)), five road levels: 76 dB(A), which corresponds to 10 m from the edge of a
road), 73 dB(A)/20 m, 70 dB(A)/40 m, 64 dB(A)/160 m, and 58 dB(A)/640 m and five
gas compressor station levels: 76 dB(A), which is 40 m away from the center of the
station, 73 dB(A)/50-60 m away, 70 dB(A)/80 m away, 64 dB(A)/160 m, and 58
dB(A)/320 m (Figure 14). All levels are ±2 dB(A) when recreated in the laboratory. A
road with continuous traffic functions as a line source and exhibits a 3 dB decrease of
sound with each doubling of distance. Conversely, a compressor station is a point source
and decreases by 6 dB for each doubling of distance.
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Figure 12.
Experimental noise stimuli and mealworm prey sounds. Spectrograms
show the frequencies contained within a sound on the Y-axis
axis and time on the X-axis
X
and the power spectra to the right show the relative intensities (dB on X-axis)
X
of
each frequency (Y-axis)
axis). The sound wave
ave is represented by an oscillogram
oscill
beneath
the spectrogram.

The acoustic profile of the room was measured to determine the evenness of the
sound field.. Fifteen points were sampled, five at a height of 0.5 m, 1.5 m, and 2.5 m. A
point in each corner, 1 m from both walls, and a center point were used to create a full
acoustic map of the room. Table 1 ou
outlines the sound intensity levels according to point
source and line source fall off, which closely matched field measurements,
measurements the calculated
value correcting for the speaker sensitivity
sensitivity, and the actual level of a representative track
measured in the flight
ht room.
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Table 1.
Sound intensity levels and distances of each treatment according to
line and point source falloff, which closely match field measurements; the calculated
value calibrated for the frequency response of the speakers; and the actual, average
value of a representative track measured in the flight room (all measurements are
±1 dB). The dB level in the room ranged 4 dB for noise treatments and
approximately 2 dB for the ambient and empty track conditions.

Road 10 m

Falloff/
Approximate
Field Level dB(A)
76

Road 20 m

73

71

70

Road 40 m

70

68

68

Road 160 m

64

62

63

Road 640 m

58

47

47

Gas 40 m

76

74

74

Gas 50-60 m

73

71

71

Gas 80 m

70

68

69

Gas 160 m

64

59

57

Gas 320 m

58

54

55

Ambient

-

-

33

Empty Track

-

-
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Source/Distance

Corrected Level dB(A)

Measured Average dB(A)

74

74

In an attempt to avoid pseudoreplication (Hurlbert 1984; Kroodsma et al. 2001),
one to three representative tracks were used for each treatment during experiments. I was
unable to record the traffic and gas compressor station tracks at the 58 dB(A) level in the
field because of additional noise sources at those farther distances. Consequently, these
stimuli were created using a regression of the known recordings to project the 1/3 octave
band levels for the farther distance. The loudest (closest) recording was then adjusted to
represent the differential falloff of the 1/3 octave frequency bands and was set to the
projected intensity level in the laboratory.
The laboratory speakers were capable of reproducing only a portion of the
frequencies contained in the recorded files. The dB(A) sound level integrations made in
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the field included a broader frequency spectrum than those produced in the laboratory.
Thus, I calibrated stimuli tracks to ensure the intensity level of playback in the laboratory
was equivalent to the intensities of the same frequencies in the field. I used a custom
MatLab program to recalibrate the dB(A) intensities for setting sound levels in the
laboratory. The tracks were filtered for playback at ~1100 Hz and 40 kHz to protect the
speakers. When necessary, for recordings that were not 3 minutes long, randomly
selected portions of the recording were copied and repeated, to create a full 3-minute
recording.

Training and Trials
Prior to running experimental trials, I allowed bats to become accustomed with
the flight room and the bat release box. It took 1-12 days for bats to learn the
experimental hunting procedure. This period permitted the animals to become familiar
with the feeding task and arena. I trained six bats in 2012 and six bats in 2013 to hunt in
the experimental design. To promote consistent hunting behavior, during experiments, I
let the bats consume only what was presented in the flight room and did not provide
supplemental food. After completion of experimental trials, I fed bats ad libitum in
preparation for release. During this period, all bats ate more than the amount of food they
received within a day of experimental trials. This suggests that bats were likely still
motivated to hunt throughout the experimental periods, indicating that hunting behavior
was consistently elicited throughout all trial periods.
In 2012, I tested six bats in traffic and gas compressor station noise levels at 76,
73, and 70 dB(A) along with an ambient control. In 2013, I exposed six bats to traffic and
gas compressor station noise levels at 70, 64, and 58 dB(A), an empty track, and an
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ambient control. In 2013, after data collection was complete, I found that there was added
electrical noise in the playbacks for that season. The noise was added to all playback
treatments and resulted in a slight increase of energy at 2, 3.5, and 5.5 kHz. Although this
additional noise makes the playback treatments slightly less accurate, the added energy in
these frequencies is within the range of both traffic and gas compressor station noise.
Because the
he louder treatments tested in 2012 had greater amounts of noise in these
frequency
uency bands and elicited a similar response, I cautiously interpreted search time
responses to the 2013 treatment tracks. The added electrical noise was also incorporated
in the empty track playbac
playback for the 2013 season (Figure 13).

Figure 13.
Power spect
spectra of a recording of the played back empty track stimuli
from 2012 (blue) and the played back empty track stimuli from 2013 (red).
(
The
added electrical noise is evident in the 2013 power spectra.

I exposed each
ach bat to all noise treatments every day for 15 days (Figure 14).
14 I
randomized treatment order for every bat each day of the trials. Before the trial, I played
the noise for one minute while the bat was in the closed release box, in an effort to reduce
any sudden disturbance of the sound. I opened the
he door to the box remotely from an
adjacent room and recorded the bat’s hunting session. Search
earch time was measured as the
time a bat became visible from behind the sound
sound-dampening
dampening wall to when it landed on a
bowl.
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If the bat landed on the bowl that contained live mealworms, it was recorded as a
successful trial. If the bat landed on a bowl containing freeze-dried mealworms or a
surface such as the floor or wall, the trial was scored as unsuccessful. Once the bat had
landed and, in the case of the bowl with live mealworms, eaten its reward, the noise was
stopped and the bat was caught and returned to the release box for the next trial. An
approximate two-minute washout period allowed the bat to resettle in the box before I
started the next noise treatment. In 2012, I discovered that bats would take slightly longer
on the first trial of the day, likely as a result of waking from torpor. Consequently, in
2013, bats were flown once before trials to help reduce potential effects of torpor and, if
required for hunting motivation, were allowed to hunt a mealworm from a bowl.

Figure 14.
The experimental design for the laboratory experiment was a two
factor factorial with repeated measures on both factors. One factor was trial day
and the second was treatment.

Statistical Analyses
I performed all analyses in SAS, Version 9.3, and separately analyzed the two
seasons of data collection. I analyzed trial success for the 2013 season with a logistic
regression using Proc Genmod with Generalized Estimating Equations (GEE) for
repeated measures and Bonferroni corrections for multiple post hoc comparisons, to
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control error rates. The search time parameter was not normally distributed in either
season. Log transformations failed to normalize the data but did improve residual
distribution. I used the log of search time in the analysis because analysis of variance is
robust to violations of the assumption of normally distributed data (Schmider et al. 2010).
I used a repeated measures ANOVA in Proc Mixed to analyze the log search time by
individual bats. Treatment and trial day were treated as two repeated factors and random
effects for Bat, Treatment*Bat, and Trial Day*Bat (Figure 14). I used Kenward Roger
corrections for degrees of freedom because missing data produced an unbalanced
ANOVA. I used differences of the least squares means (marginal means) and applied
Bonferroni corrections for multiple post hoc comparisons between treatments. To test
differences between noise types, I used a linear contrast to compare the average of the log
of the search time for all road treatments versus all gas treatments. For all statistical tests,
I set α to 0.05 except when using Bonferroni corrections, when α was set to 0.008.

Results

2012 Experiment
I excluded nine trials out of 630 due to equipment malfunctions or because they
fell outside the defined trial period of 2 minutes. Of the remaining 621 trials, where six
bats were exposed to seven noise treatments, bats failed to select the bowl with live
mealworms in 4.2% (n=26) of trials. There was an unsuccessful trial for every bat,
treatment, and trial day, which suggests that a single individual, treatment, or day did not
disproportionally influence success rates. Because success rate was over 95% and there
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was not a pattern of unsuccessful trials by bat or treatment condition, I determined that
statistical analysis of the unsuccessful trials from the 2012 data would not be informative.
I included only successful trials when analyzing effects of sound treatment on
search time. The data were visually inspected to assess trends of increased or decreased
search time over the 15-day trial period to determine order and carry over effects. There
were no obvious trends over the 15-day trial period that would indicate the occurrence of
learning (all search times decreasing) or fatigue (all search times increasing).
Potential carry-over effects of noise treatments were also examined. Upon visual
inspection of the 2012 data, the first trial of the day typically had longer search times,
likely as a result of bats waking from torpor. Consequently, I compared all second and
third trial pairs for all bats that had an ambient trial, followed by any noise trial and vice
versa. The means of the search time for each ambient group, before and after noise, did
not differ (F1, 9=0.79, p=0.40 for gas noise and F1, 8 =4.97, p=0.06 for road noise). This
result suggests that there were not any carry-over effects of noise, such as would be
expected if there were lingering effects of startling or inducement of a higher acoustic
threshold.
When examining the potential effects of Treatment and Trial Day, these factors
did not interact (Repeated measures ANOVA: F84, 394 =0.87, p=0.77). Moreover, Trial
Day did not significantly affect search time (F14, 69.4=1.19, p=0.30), which confirms that
there was not a trend of learning or fatigue over the experimental period. However, there
was a significant effect of noise treatment on search time (F6, 30.9=5.35, p<0.01; Figure
15). Differences of the least squares means (marginal means), comparing the ambient
condition to each noise treatment, demonstrate that search times were significantly
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different between the ambient condition and each of the noise treatments (p<0.008). A
linear contrast statement comparing log search times for all road treatments to all gas
treatments revealed no significant difference between the two types of noise (T31.4=1.14,
p=0.26).

Figure 15.
The log of the search times for six bats exposed to seven noise
conditions in 2012 (n=595). Box plots show the median and quartile values and
whiskers illustrate the 1st quartile-1.5*(interquartile range) and the 3rd
quartile+1.5*(interquartile range), and dots represent data points beyond this
range. The asterisk indicates that the log of the search time under the Ambient
condition differs significantly from all other treatment groups (Differences of the
least squares means, p<0.01). Linear contrasts comparing all road noise means to all
gas noise means indicate no statistical difference (T31.4=1.14, p=0.26).
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2013 Experiment
In 2013, I excluded one trial because the bat did not land within the 2-minute trial
period. For data analyzed, there were 624 successful trials, 72 unsuccessful trials, and 23
missing trials. There was an 88.5% trial success rate and an unsuccessful trial for every
bat, treatment, and trial day. As a result of the lower success rate (i.e., a sufficient number
of trials with and without successful foraging by focal bats), I statistically analyzed
foraging success data for the 2013 season. I compared the probability of trial success for
all data, with treatment as a predictor, using logistic regression in Proc Genmod with
Generalized Estimating Equations (GEE) for repeated measures and Bonferroni
corrections for multiple post hoc comparisons. The parameter estimates, probability of
success (modeled from both successful and unsuccessful trials), and upper and lower
95% confidence intervals for each treatment is provided in Table 2. Post hoc
comparisons of success between the ambient condition and each noise treatment, as well
as comparisons between all gas noise and all road noise treatments, and the different
intensity levels within gas and within road conditions, were all not statistically significant
(p>0.05).
Table 2.
Parameter estimates, probability of success, and 95% confidence
intervals for each noise treatment bats were exposed to in 2013.
Treatment
Ambient

Parameter
Estimate
3.61

Probability
of Success

Upper
95% CI

Lower
95% CI

0.97

1.00

0.86

Empty Track

2.19

0.90

0.95

0.79

Gas 58 dB(A)

3.14

0.96

0.99

0.86

Gas 64 dB(A)

2.12

0.89

0.94

0.81

Gas 70 dB(A)

2.09

0.89

0.95

0.77

Road 58 dB(A)

2.64

0.93

0.97

0.87

Road 64 dB(A)

1.78

0.86

0.92

0.76

Road 70 dB(A)

1.43

0.81

0.87

0.73
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For the 2013 experiment, I included successful trials in the analysis of effects of
the noise treatments on the log of search time. The data were visually inspected to assess
trends of increased or decreased search time over the 15-day trial period to assess
potential order and carry over effects. For three bats, there were trends over the first 3-7
days of the 15-day trial period that indicated that learning might have occurred (all search
times decreased). As a result, these trial days were excluded from analysis, and the bats
were exposed to four additional days of trials. Thus, in the analysis, the first trial day was
the first day where learning was not present. Bats in 2013 were in captivity for a shorter
period of time (2-3 weeks) than some bats in 2012 (11 weeks) before experimental trials
were conducted, which may account for the observed learning trend in these three
individuals.
In the 2013 season, I allowed bats to warm up before experimental trials and,
consequently, to test carry over effects, I compared all first and second trial pairs for all
bats when there was an ambient trial followed by any noise trial, and vice versa. The
means of the search time for each ambient group, before and after noise, did not differ
statistically (F1, 9 =1.11, p=0.32 for gas treatments and F1, 9 =0.04, p=0.84 for traffic).
This result suggests the absence of carry over effects of noise for the 2013 data.
When examining the potential effects of Treatment and Trial Day, there was no
interaction between these factors (Repeated measures ANOVA: F98, 408 =1.02, p=0.44).
Trial Day did not significantly affect search time (F14, 66.2=1.33, p=0.21), which confirms
there was not a trend of learning or fatigue over the experimental period. There was a
significant effect of noise treatment on search time (F7, 29.9 =10.53, p<0.01; Figure 16).
Differences of the least squares means (marginal means), comparing the ambient
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condition to each noise treatment, demonstrate that search times were significantly
different between ambient and all noise treatments (p<0.01). A linear contrast, comparing
the average log search times for all road treatments and all gas treatments, revealed a
significant difference of search time between the two types of noise for the 2013 data
(T32.2=-2.00, p=0.05). Differences of the least squares means (marginal means),
comparing all gas and road treatments demonstrate that search times, were not
significantly different between individual road and gas noise treatments when Bonferroni
corrections were applied (p>0.05).

Figure 16.
The log of the search times for six bats exposed to eight noise
conditions in 2013 (n=624). Box plots show the median and quartile values and
whiskers illustrate the 1st quartile-1.5*(interquartile range) and the 3rd
quartile+1.5*(interquartile range), and dots represent data points beyond this
range. The asterisk indicates that the log of the search time under the Ambient
condition differs significantly from all other treatment groups (Differences of the
least squares means, p<0.01). Linear contrasts comparing the mean responses to all
road noise treatments with those of all gas noise treatments indicate a statistical
difference (T32.2=-2.00, p=0.05).

49
Bats exposed to the silent playback track in 2013 exhibited the same magnitude of
foraging efficiency deficit as the other noise tracks elicited (Figure 16). The intensity of
the empty track (i.e., silent track) was an average of 2 dB(A) higher than ambient,
indicating a small amount of added energy present in the spectral bands between 2 and 6
kHz. Although this spectral range lies within the frequencies of the mealworm sounds,
the signal to noise ratio is much higher than that produced by the treatment playbacks of
traffic and gas compressor noise at 70 dB(A) (Figure 17).
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Figure 17.

1/3 Octave Bands

Signal to noise ratio of mealworm sounds compared to 2013 ambient
and noise playback conditions.

Discussion
I found that, compared with ambient conditions, the obligate gleaning bat,
Antrozous pallidus, takes significantly longer to find prey when hunting under traffic and
gas compressor noise that ranged from 58 to 76 dB(A). The effect of noise on search time
did not vary with the intensity or noise type for the 2012 data. In the 2013 data, there was
a slight suggested difference in search time response shown by the linear contrast
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statement comparing the two noise types; however, post hoc comparisons did not reveal
statistically different combinations of gas and road noise treatments. Given the p value
(0.0539) for this observed difference and the sample size (n=6 bats), this finding
illustrates a need for further research investigating the effects of noise with different
spectral characteristics on gleaning bat foraging. However, I am reluctant to draw strong
inference from it. Aside from this slight difference, both traffic and gas compressor noise
appeared to affect gleaning bat foraging similarly in successful trials.
The finding that the low intensity electrical noise in the 2-6 kHz spectral range
elicited a similar response in the amount of search time suggests that even small amounts
of auditory disturbance could be important for pallid bats. The signal to noise ratios
shown in Figure 17 indicate that the added electrical energy in the 2013 empty track
playback was unlikely to mask mealworm sounds. However, there was enough sound to
result in search time levels similar to those under loud traffic and compressor noise
treatments. Thus, I propose that distraction is a potential mechanism behind the
behavioral response of increased search time of foraging pallid bats in noise. Chan et al.
(2010) found that noise distracts Caribbean hermit crabs (Coenobita clypeatus), and
Purser and Radford (2011) discovered that three-spined sticklebacks (Gasterosteus
aculeatus) shift their attention in the face of noise. Experiments designed to directly test
distraction in pallid bats will help clarify the behavioral responses observed in this study.
Search times for the ambient condition that was common between the 2012 and
2013 experiments were higher in 2013. Variation in individual bats, including unique
personality traits, and time in captivity before experimentation, likely drove the observed
differences between years. Several bats in 2012 were held in captivity for 11 weeks
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before beginning trials, whereas bats caught in 2013 were only in captivity 2-3 weeks
before experiments. However, I cannot rule out the role of the additional noise in the
2013 trials.
The overall high success rate of foraging pallid pats across trials indicates a great
degree of acoustic acuity in this gleaning bat species. Indeed, the effect size I recorded
for both trial success and search time was lower than that found in the European
facultative gleaning bat, Myotis myotis (Siemers and Schaub 2011), possibly
demonstrating a difference in sensory acuity between these bat species.
Foraging efficiency is reduced for pallid bats at least 640 m from an active major
road and 320 m from a gas compressor station. Search time increased under all noise
treatments (compared to ambient) by an average of ~5 s for both 2012 and 2013. Similar
behavioral responses of pallid bats to both types of noise highlight that distraction is a
possible mechanism behind the observed reduced foraging efficiency. More time spent
foraging, compounded across an entire night, could result in substantially higher energy
expenditures for this critical task. Differences in search time under noise treatments
found in laboratory conditions likely represent a conservative measure of the energy
demands required in natural settings. Natural conditions involve much more complex
hunting environments than those represented by my laboratory design, where bats must
perform many tasks simultaneously, including hunting (passive listening), navigation
(echolocation) (Barber et al. 2003), and predator vigilance and avoidance. Additionally,
bats experience large daily energy demands from flight and thermoregulation, as well as
higher annual energy requirements during particular life history stages, such as
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pregnancy, lactation, and preparation for hibernation (Kunz et al. 1982; Fenton 1997;
Altringham 2011).
Cumulative increases in the amount of energy expended to locate food might tax a
bat’s energy budget sufficiently to cause a reduction in reproductive success and
probability of survival. A variety of factors constrain reproduction in bats. Added weight
of the embryo reduces wing loading and agility, and higher energy demands during
pregnancy and lactation all require extreme energy efficiency (Studier et al. 1973).
Additionally, for temperate bats, shorter nights decrease the amount of available foraging
time (Studier et al. 1973). Added energy expenditures resulting from increased foraging
search time might be so costly that the habitat is degraded or functionally lost for these
acoustic hunters. North American bat populations are currently experiencing
unprecedented amounts of pressure as a result of the White Nose Syndrome epidemic
(U.S.G.S. National Wildlife Health Center 2013), in addition to other sources of mortality
such as wind farms (Cryan and Barclay 2009). By alleviating the human caused pressure
of noise pollution, bat communities might be more resilient to other such assaults.
The price of outfitting existing gas compressor stations with sound dampening
walls is estimated to be between $35,000 and $50,000 per compressor station (Bayne et
al. 2008). Compared to the profits of companies that extract energy resources, Bayne et
al. (2008) argue that this represents an affordable mitigation measure. Mitigation tools for
traffic noise include reducing speed limits, resurfacing roads with rubberized asphalt,
planting vegetation barriers, and erecting sound dampening walls (Washington State
Department of Transportation 2013). With development of new energy extraction
projects, use of a single large compressor station outfitted with noise dampening
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technology versus many small stations scattered across the landscape can reduce noise
pollution (Francis et al. 2011b). These measures can help reduce the acoustic footprint of
human development on the landscape.
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CHAPTER THREE: NOISE POLLUTION CHANGES THE ACTIVITY LEVELS OF A
NATURAL BAT ASSEMBLAGE

Abstract
Disturbance from anthropogenic noise is prevalent across much of the globe and
affects a variety of organisms, including bats. Bats that hunt arthropods use acoustic
signals either from echolocation or sounds produced by prey to forage. Thus,
investigations of the effects of noise pollution on these acoustically sensitivity predators
is warranted. Compressor stations associated with natural gas extraction and
transportation produce noise from engines and cooling fans 24 hours a day, nearly 365
days a year. With over half a million producing gas wells in the U.S. this infrastructure is
a major source of noise pollution across the landscape. In some cases, noise from a
compressor station can be 76 dB(A) at 40 m from the source, representing a large
acoustic footprint. I conducted an experiment in the second largest gas extraction field in
the U.S. to investigate the potential effects of gas compressor station noise on the activity
levels of the local bat assemblage grouped by echolocation call frequency and wing
aspect ratio. I found that activity levels (defined as the number of minutes in a night with
an identified bat call) for the Brazilian free tailed bat (Tadarida brasiliensis) were
significantly lower at loud compressor sites compared to quieter well pads, whereas the
activity levels of four other species’ (Myotis californicus, M. cillolabrum, Parastrellus
hesperus, M. lucifugus) were not affected by noise. Bat species with high aspect ratio
wings (Lasiurus cinereus, T. brasillensis, Lasiurus blossevillii) and species that emit low
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frequency (<35 kHz) echolocation calls (Lasiurus cinereus, T. brasillensis, Antrozous
pallidus, Eptesicus fuscus, Lasionycteris noctivagans, M. thysanodes) also exhibited
reduced activity levels at loud sites. Noise did not affect the activity levels of
assemblages of species with low aspect ratio wings (A. pallidus, E. fuscus, L.
noctivagans, M. thysanodes, M. californicus, M. cillolabrum, M. evotis, M. lucifugus, M.
volans, M. yumanensis, Parastrellus hesperus) or high frequency (>35 kHz) echolocation
calls (Lasiurus blossevillii, M. californicus, M. cillolabrum, M. evotis, M. lucifugus, M.
volans, M. yumanensis, P. hesperus).

Introduction
Direct effects of human infrastructure on wildlife include habitat loss,
fragmentation, and mortality. Increasing amount of human infrastructure on the landscape
introduces novel pollutants, including chemical, light, and noise. A meta-analysis of 49
studies investigating 234 bird and mammal species found that bird density declines
within 1 km of infrastructure and mammal densities are reduced within 5 km (BenitezLopez et al. 2010). Fahrig and Rytwinski (2009) revealed that of 79 investigations,
negative effects of roads on species outweighed positive effects by a factor of 5. Bats
respond negatively to infrastructure as well as urbanization (Jung and Kalko 2011; Luck
et al. 2013).
Bat diversity and activity vary with degree of development, in that more
urbanized areas exhibit fewer species and less feeding activity (Jung and Kalko 2011).
Among the bat species examined by Jung and Kalko (2011), there were species-specific
responses to development, with some bats classified as urban survivors and others as
urban avoiders. In this study, species with high wing loading and aspect ratio, which
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allow for faster flight speeds, were more likely to occur and be active in urban
environments. Less maneuverable bats, i.e. those with low aspect ratio wings, occurred
more in forested sites (Jung and Kalko 2011). Wing morphology also correlates with bat
extinction risk and sensitivity to disturbance. Bats exhibiting low aspect ratio wing
morphology are more often categorized as at risk for extinction, whereas species with
high aspect ratio wings are less prone to extinction (Jones et al. 2003; Safi and Kerth
2004).
In addition to changing the activity levels of some species, development can alter
habitat connectivity. Roads function as barriers and filters to bat assemblages by
restricting movement (Bennett and Zurcher 2012). Bats increase their turning frequency
in response to traffic on roads (Bennett and Zurcher 2012), and a modeling experiment
parameterized with empirical data found that simulated Indiana bat (Myotis sodalis)
colonies are limited by, and change movement patterns in, the presence of roads (Bennett
et al. 2013). The distance of the roost to the road and the amount of foraging habitat
available to bats without crossing roads both influence the degree of negative effects of
roads on bat behavior (Zurcher et al. 2010). Roads create a variety of disturbances,
including collision with moving vehicles, edge effects, visual disturbance of traffic
moving, and noise pollution, making it difficult to identify the specific variable eliciting
behavioral responses in the field.
Playback and natural experiments are among the approaches used to assess the
effects of noise on animal behavior in the field and distributions of species in a natural
environment. Using playback experiments, McClure et al. (In press) found that road
noise altered songbird species distribution. Experimental application of gas drilling and
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road noise also reduced Greater sage-grouse (Centrocercus urophasianus) lek attendance
by males (Blickley et al. 2012). Studies using a natural experiment, comparing bird
diversity and abundance at paired quiet and loud sites within a gas field, found that bird
species communities are altered (Francis et al. 2011a) and densities are reduced at louder
sites (Bayne et al. 2008), yet no study has used these approaches to investigate the effects
of noise on bats.
Two gleaning bats species exposed to traffic and gas compressor station noise
played back in a laboratory setting experience reduced foraging efficiency (Chapter 2,
Siemers and Schuab 20011). Additionally, when presented with the option, bats chose to
avoid played back noise (Schaub et al. 2008) in a laboratory experiment. Laboratory
studies investigating the effects of noise on bats (Chapter 2, Schaub et al. 2008; Siemers
and Schaub 2011) have focused on gleaning bats that rely on low frequency, preyproduced sound for hunting. Anthropogenic noise spectrally overlaps these prey cues,
indicating a potential problem of masking. Bats hunting aerial prey rely on echolocation
to find insects in three-dimensional air space. Although echolocation calls are often high
frequency, some species produce calls with lower frequency components within range of
anthropogenic sound. Thus, it is important to consider the effects of noise on the entire
bat assemblage. In addition to potential direct masking of acoustic signals, there are also
conceivable indirect effects of noise on bats, such as possibly altered distributions of
insect prey. Distraction is another potential mechanism that might affect bat activity. A
shift in attention or informational bottleneck resulting from the added stimuli of
compressor station noise could result in avoidance of these sites (Chan et al. 2010; Purser
and Radford 2011).
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Energy development represents an important source of noise pollution across the
landscape (Barber et al. 2011; Northrup and Wittemyer 2013). The extraction of natural
gas is growing at a heightened pace as demand increases by a larger and more
mechanized human populace. Noise created by compressor stations associated with
natural gas extraction is constant, running 24 hours a day, nearly 365 days a year, and
covers a broad range of frequencies (Francis et al. 2009). Gas extraction fields are present
in the ranges of many bat species and are sources of constant noise pollution during the
active periods of these nocturnal mammals, making this infrastructure an important
conservation concern.
Using a natural experiment in a gas field in the San Juan Basin in northwestern
New Mexico, I matched well pad sites with loud compressor stations to quieter well pads
that lacked compressors (Picture 3). This approach allowed me to examine the effect of
compressor noise on the activity levels of bat species and assemblages while controlling
for variability related to other potential human effects on bat activity, such as presence of
roads and humans, and a suite of environmental variables such as distance to water and
edge effects. I define bat activity as the number of minutes in a night with a recoding
containing an identified bat call (Miller 2001).
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A.

B.

A. A typical compressor station associated with a well pad.
Picture 3.
B. A derrick present on a site without a compressor station.
statio

I hypothesized that activity levels of the natural bat assemblage would be altered
in the presence of noise. I tested activity levels of bat assemblages categorized by
echolocation call frequency and wing aspect ratio, in addition to individual species when
number of recorded calls allowed. In accordance with studies that relate wing
morphology to sensitivity to disturbance, I predicted that activity levels of bats with high
aspect ratio wings would be less affected by noise, whereas bats with low aspect
aspec ratio
wings would experience reduced activity levels at loud sites. I also predicted that bats
with high frequency echolocation calls would not experience negative effects of noise on
activity levels, while bats with low frequency echolocation calls woul
would.
d. Finally, I
expected that gleaning bat species, which rely on low frequency, prey
prey-produced
produced sounds
would show more severe negative effects of noise because they would experience the
greatest amount of spectral overlap of noise with important acoustic prey cues.

Study Area
I conducted my field study of bat activity in and near Rattlesnake Canyon Habitat
Management Area in the San Juan Basin in nnorthwestern
rthwestern New Mexico (Figure 18).
18 The
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San Juan Basin is the second largest gas basin in the United States and the largest coalbed methane reservoir in the world, producing about one trillion cubic feet of gas per year
from more than 150 gas fields (Fassett 2010). Plant communities in this arid region are
dominated by piñon pine (Pinus edulis) and juniper (Juniperus osteosperma) (Francis et
al. 2012). The San Juan Basin is within the range of 17 bat species (Nowak 1994), 14 of
which I detected during my study.

1 km

10 km

Figure 18.
Study area in the San Juan Basin New Mexico. In the right panel, the
red circle indicates a site with a compressor station that is matched with the site
circled in blue that lacks a compressor station and functions as a control. The bare
spaces on the aerial photos are the physical footprints of the gas extraction sites.

Methods
I conducted the study between May and June 2013, which is a period of high bat
activity. This time coincides closely with pregnancy and parturition of many bat species,
and thus represents a time of higher energy requirements for females (Altringham 2011;
Fenton 1997; Kunz et al. 1982).
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I matched 25 well pads with gas compressor stations (treatment) to 25 well pads
without compressors (control). Matched sites were between 500 m and 1 km apart to
ensure the control was quieter than the treatment and that habitat and location were
comparable. Noise from compressor stations could often be detected farther than 500 m
away, however the density of compressor stations in some cases required sites to be
matched with wells within these distance constraints. This potential overlap of sound as
well as variability in both control station equipment and compressors resulted in noise
functioning more as a continuous variable (Figure 19). As a result, I measured the decibel
level of each site to accurately represent site sound level.
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Figure 19.
Background sound level, which includes compressor station noise for
treatment sites, varies as a continuous variable by site. Blue diamonds are sites that
did not have compressor stations (control) and red diamonds represent sites that did
have operating compressor stations (treatment).

I sampled matched sites simultaneously to control for effects of moon phase and
time, and none of the sites were artificially illuminated during the night, thereby
excluding potential effects of anthropogenic light pollution. Using Wildlife Acoustics
SM2 or SM2BAT+ Bat Detectors, I conducted passive acoustic surveys of bat activity
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levels (Kuenzi and Morrison 1998). Activity level is the number of minutes in a sampling
night with a recording of an identified bat call. This method provides a measure of
activity that is less prone to bias from varying flight behaviors of different bat species
than the raw number of calls, where an individual bat may fly by a detector microphone
multiple times in a short period.
Twelve detectors were rotated through the 50 sites over a four-week period. For
each treatment site and its matched control, I simultaneously deployed bat detectors for 17 nights. Sampling 2-5 nights typically detects 40-60% of species richness at a site
(Skalak et al. 2012). Five sites were sampled for only one night as a result of battery
failure; however, these data still proved to be useful and were included in analyses.
Although it is likely that 100% of species were not detected for every site, by having
detectors deployed simultaneously at both the matched treatment and control sites, the
detection rate should be comparable between site types.
Calibrated MP3 players (Roland R05 or R09 recording at 128 kbps) were
simultaneously deployed with bat detectors to measure noise intensity level of each site
(Mennitt and Fristrup 2012). These units continuously recorded background sound level,
which included compressor station noise. I used custom programs (Damon Joyce, NPS,
AUDIO2NVSPL) to convert the MP3 recordings into hourly sound pressure levels and
then to hourly LEQ (equivalent continuous sound level) values in dB(A) (Damon Joyce,
NPS, Acoustic Monitoring Toolbox). These hourly sound levels were averaged over the
duration of the bat detector deployment, which allowed me to use the continuous variable
of decibel level (dB(A)) or the discrete variable of treatment (control vs. treatment) for
the noise condition of a site in statistical analyses.

63
I placed the bat detectors approximately 1.5 m above the ground, in an attempt to
increase detection of gleaning bats, and positioned them along an edge approximately 50
m away from the compressor or the center of the well pad. MP3 recorders were placed at
the same height and distance from the pads to record the level of noise received at the
position of the bat detector. The triggering program for the bat detectors was designed to
exclude any background noise below 24 kHz to ensure that compressor noise did not bias
triggering. This was confirmed in a laboratory study by playing bat calls in quiet and in
compressor noise played back from speakers and calibrated to the level at the distance of
the detector in the field.
To assess and classify bat echolocation calls, I used the analysis program, Sonobat
3.2.0. This software identifies bat calls, frequency range (high=above 35 kHz; low=below
35 kHz), call frequency, time, and intensity. If a call was clear, the program used call
classification algorithms of acoustic features to determine species classification by
referencing a known call library. Only calls identified to species at the level of consensus,
which is the most conservative metric of identification, were used in analyses that
required species classification. To achieve the “consensus” level of classification, a call
must have a 90% or greater discrimination probability of falling within a multivariate
parameter space of call traits for a given species and also have the majority of individual
calls within a recording sequence be identified as that same species (Szewczak 2013).
Discrimination probabilities did not differ between calls recorded at treatment and control
sites indicating that background noise did not affect call classification (Linear mixedeffects model fit by maximum likelihood, All bats: p=0.46; T. brasiliensis: p=0.47).
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Analysis
Using the number of echolocation calls recorded at a site, I assessed how noise
affects bat activity level of species and assemblages (Weller and Baldwin 2012). The
number of minutes in a night that had an identified bat call was used as a metric of bat
activity (Miller 2001). Recordings of bat calls were divided into two assemblage types.
One assemblage delineation grouped calls by echolocation frequency (high > 35 kHz and
low <35 kHz). For the call frequency assemblages, data were used for the calls identified
to bat (9,701 calls) because this level of classification determines if a species’
echolocation calls are high or low frequency. A second grouping of bat species was made
according to wing morphology. The analysis of species and the wing aspect ratio
assemblages required calls to be classified to species (2,278 calls). Only species with
more than 45 classified calls were analyzed individually.
Data were analyzed using R (R Development Core Team 2011). Assumptions of
normality were assessed for each variable before beginning analysis and an 85%
confidence interval was used for all Akaike’s Information Criterion (AIC, Akaike 1974)
model comparisons (Arnold 2010). I identified and measured habitat variables considered
important to bat activity from the literature (Ciechanowski et al. 2007; Kanuch and
Kristin 2005; Korine and Pinshow 2004; Lang et al. 2006). These habitat variables
included: percent of forest cover within 500 m of the center of each site, distance to the
nearest large body of water from the center of the site, and a lunar metric, calculated from
multiplying moon phase by the amount of time the moon was visible. I also considered
linear and quadratic effects of date, in the event that bat activity changed in either a linear
or quadratic fashion over the sampling period, for instance as a result of warming weather
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or timing of regional insect hatches. I used a two-step procedure (Steen et al. 2013) that
allowed me to test the effects of noise on bat activity level while also determining—and
controlling for—other environmental factors that may drive activity levels at different
sites. First, I built Poisson-distributed generalized linear mixed-effects models containing
varying combinations of environmental covariates thought to affect bat activity and a
random intercept for survey site. Not all combinations of environmental variables were
tested because several, such as date and the moon metric, were highly correlated (r > 0.5)
and consequently were not included in the same model. I used AIC to rank models and
then incorporated the covariates within the highest-ranked model into the next step.
In the second step, I tested my a priori hypothesis that noise affects activity levels
of different bat assemblages by adding either the dB level of a site or a binary factor
indicating treatment. I ranked and compared these two models—dB and treatment—as
well as the best habitat model from the first step using AIC. I considered my hypothesis
of noise affecting site-use by bats as supported if either the dB or treatment models
received a lower AIC value than the best model from step one, and if the 85% confidence
intervals for either the dB or treatment variable excluded zero (Arnold 2010). All
predictor variables, including dB and environmental variables, were z-transformed before
analysis.

Results
The detectors logged over 22,000 recordings, of which 9,701 were identified as
bats. Of recordings identified as bats, 2,278 were classified to species at the level of
“consensus,” which is the most conservative species identification metric (Szewczak
2013). The calls represented 14 species including: Antrozous pallidus, Eptesicus fuscus,
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Lasiurus blossevillii, L. cinereus, Lasionycteris noctivagans, Myotis californicus, M.
cillolabrum, M. evotis, M. lucifugus, M. thysanodes, M. volans, M. yumanensis,
Parastrellus hesperus, and Tadarida brasillensis. Twelve species were observed at both
compressor and well sites. In contrast, M. thysanodes was only recorded at sites with
compressors, and M. volans was detected only at the quieter well pad sites. Both M.
thysandoes and M. volans were rare and low overall levels of activity (few recordings)
might be reflective of lower abundance or detectability.
All bat species and assemblages were associated with one or more of the habitat
variables (for top habitat models see Table 4, for all habitat models see Appendix A). For
example, distance to water was within the best habitat model for all species and
assemblages I analyzed, and forest was within the best models for T. brasiliensis and
species with high aspect ratio wings (Table 3). Among the lunar and time variables
assessed, moon index was within the best models for all species and assemblages except
T. brasiliensis, but date was only included within the best model of T. brasiliensis.

Table 3.
Scientific and common names of species detected in the San Juan basin in northwest New Mexico using passive
acoustic monitoring techniques, in May and June 2013. Total number of calls classified at control, treatment, and all sites;
number of minutes with bat calls at control, treatment, and all sites; frequency classification (Low<35 kHz, High>35 kHz);
and wing aspect ratio classification (Norberg and Rayner 1987) for each species.

Scientific Name

Common
Name

Total Number
Calls at
Control Sites

Total
Number of
Calls at
Treatment
Sites

Total
Number
of Calls

Total Number
of Minutes
Recorded at
Control Sites

Total Number
of Minutes
Recorded at
Treatment
Sites

Total
Number
of
Minutes
Recorded

Echolocation
Frequency

Wing
Aspect
Ratio

19

9

28

15

9

24

Low

High

117

99

216

92

87

179

Low

High

Lasiurus cinereus
Tadarida
brasillensis

hoary bat
Brazilian
free-tailed bat

Antrozous pallidus

pallid bat

2

1

3

2

1

3

Low

Low

Eptesicus fuscus
Lasionycteris
noctivagans

big brown bat
silver haired
bat
fringed
myotis
western red
bat
California
myotis
small footed
myotis
long-eared
myotis
little brown
bat
hairy-winged
myotis
yuma myotis
canyon
bat/western
pipistrelle

17

8

25

14

8

22

Low

Low

7

8

15

7

8

15

Low

Low

0

2

2

0

2

2

Low

Low

7

2

9

7

2

9

High

High

28

19

47

27

17

44

High

Low

1292

440

1732

966

352

1318

High

Low

11

16

27

11

13

24

High

Low

42

50

92

37

46

83

High

Low

1
2

0
1

1
3

1
2

0
1

1
3

High
High

Low
Low

36

42

78

30

36

66

High

Low

Myotis thysanodes
Lasiurus blossevillii
Myotis californicus
Myotis cillolabrum
Myotis evotis
Myotis lucifugus
Myotis volans
Myotis yumanensis
Parastrellus
hesperus
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Table 4.
AIC tables of the top habitat variables for all bats, echolocation
frequency assemblages, wing aspect ratio assemblages, and individual species for
bat activity levels of 50 sites sampled in the San Juan Basin in northwest New
Mexico.
All Bats
Model

k

AIC

∆AIC

Wi

Moon + Water

4

2500.94

0.00

0.71

Model

k

AIC

∆AIC

Wi

Date + Date2 + Water

5

426.95

0.00

0.15

Model

k

AIC

∆AIC

Wi

Moon + Water

4

1231.62

0.00

0.67

Model

k

AIC

∆AIC

Wi

Moon + Water

4

1235.78

0.00

0.65

Model

k

AIC

∆AIC

Wi

Forest + Moon + Water

5

395.24

0.00

0.14

Model

k

AIC

∆AIC

Wi

Moon + Water

4

217.86

0.00

0.22

Model

k

AIC

∆AIC

Wi

Moon + Water

4

1142.95

0.00

0.62

Model

k

AIC

∆AIC

Wi

Moon + Water

4

226.33

0.00

0.24

k
4

AIC
313.91

∆AIC
0.00

Wi
0.22

Model

k

AIC

∆AIC

Wi

Forest + Moon + Water

5

368.5

0.00

0.14

Low Frequency

High Frequency

Low Aspect Ratio

High Aspect Ratio

Myotis californicus

Myotis cillolabrum

Myotis lucifugus

Parastrellus hesperus
Model
Moon + Water
Tadarida brasillensis
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The second step of my analysis involved adding covariates of either noise
treatment or level to the best model containing habitat covariates (Table 5). Adding these
noise covariates improved the fit of models for T. brasiliensis, species with lowfrequency vocalizations, and species with high-aspect ratio wings—all of which support
my hypothesis that noise affects activity levels of bat assemblages and at least some
individual species. T. brasiliensis was negatively associated with the treatment factor (β =
-0.51, SE = 0.36), with activity at compressor sites being 60% that of quieter well pad
sites. Contrary to my prediction, the activity of bats with high aspect ratio wings was also
negatively associated with the treatment factor (β = -0.59, SE = 0.35), with activity at
compressor sites being 56% of activity at control sites, while bats with low aspect ratio
wings were not affected by noise. Species with low frequency echolocation calls were
negatively associated with site dB level (β = -0.32, SE = 0.18) with activity at the loudest
sites being 30% that of quieter sites. The assemblage of species with high frequency
echolocation calls did not have either noise variable in the top model. The treatment and
dB factors did not improve the fit of the models for Myotis californicus, M. cillolabrum,
M. lucifugus, or Parastrellus hesperus, indicating that noise level is not an informative
parameter for the activity levels of these species.
Table 5.
AIC tables of the habitat, habitat + treatment, and habitat + dB
models for all bats, echolocation frequency assemblages, wing aspect ratio
assemblages, and individual species for bat activity levels of 50 sites sampled in the
San Juan Basin in northwest New Mexico.
All Bats
Model

k

AIC

∆AIC

Wi

Habitat
Habitat + Treatment
Habitat + dB

4
5
5

2500.94
2502.08
2502.50

0.00
1.14
1.56

0.49
0.28
0.23
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Low Frequency
Model
Habitat + dB
Habitat + Treatment
Habitat

k
6
6
5

AIC
425.78
426.41
426.95

∆AIC
0.00
0.64
1.17

Wi
0.44
0.32
0.24

High Frequency
Model
Habitat
Habitat + Treatment
Habitat + dB

k
4
5
5

AIC
1231.62
1232.88
1233.45

∆AIC
0.00
1.26
1.83

Wi
0.52
0.28
0.21

Low Aspect Ratio
Model

k

AIC

∆AIC

Wi

Habitat
Habitat + Treatment
Habitat + dB

4
5
5

1235.78
1237.03
1237.63

0.00
1.25
1.85

0.52
0.28
0.21

High Aspect Ratio
Model
Habitat + Treatment
Habitat + dB
Habitat

k
6
6
5

AIC
394.34
394.86
395.24

∆AIC
0.00
0.52
0.89

Wi
0.41
0.32
0.27

Myotis californicus
Model
Habitat
Habitat + Treatment
Habitat + dB

k
4
5
5

AIC
217.86
219.71
219.83

∆AIC
0.00
1.85
1.97

Wi
0.57
0.22
0.21

Myotis cillolabrum
Model
Habitat
Habitat + Treatment
Habitat + dB

k
4
5
5

AIC
1142.95
1144.15
1144.71

∆AIC
0.00
1.21
1.76

Wi
0.51
0.28
0.21

Myotis lucifugus
Model
Habitat
Habitat + dB
Habitat + Treatment

k
4
5
5

AIC
226.33
228.17
228.28

∆AIC
0.00
1.84
1.95

Wi
0.56
0.22
0.21

Parastrellus hesperus
Model
Habitat

k
4

AIC
313.91

∆AIC
0.00

Wi
0.57
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Habitat+Treatment
Habitat + dB
Tadarida brasiliensis
Model
Habitat + Treatment
Habitat
Habitat + dB

5
5

315.77
315.88

1.85
1.97

0.22
0.21

k
6
5
6

AIC
368.46
368.50
369.08

∆AIC
0.00
0.04
0.62

Wi
0.37
0.36
0.27

Discussion
My results demonstrate that anthropogenic noise from natural gas compressor
stations changes the activity levels of one bat species, T. brasiliensis, and two bat
assemblages, those with low frequency echolocation calls and those with high aspect
ratio wings. The experimental design of matched sites and modeling of potentially
important habitat variables helped isolate noise as a primary factor differing between
control and treatment sites. Thus, it is likely that the difference in activity level seen in T.
brasiliensis, along with the low frequency and high aspect ratio groups is at least in part
in response to gas compressor station noise, although other variables such as predator
abundance and prey distribution, which were not incorporated in my models, may also
play a role in altered activity levels. T. brasiliensis is often considered an urban survivor
because it commonly uses anthropogenic structures, such as bridges, for roosting (Davis
et al. 1962; Allen et al. 2008). However, on a landscape where habitats vary in amount of
anthropogenic noise, T. brasiliensis exhibited greater levels of activity at quieter control
sites. This was the only species that showed a statistically significant response of activity
level to noise. Interestingly, the other three species with high enough activity to be
individually tested all produce high frequency echolocation calls and neither noise factor
was an informative variable.
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T. brasiliensis had the highest amount of recorded activity for all low frequency
bats and thus likely drove the observed effect of a negative association with dB level for
this assemblage. However, based on AIC, the model containing all low frequency bats
(Antrozous pallidus, Tadarida brasillensis, Lasiurus cinereus, Lasionycteris noctivagans,
Eptesicus fuscus, Myotis thysanodes) fit the data better than the model that contained T.
brasiliensis only, which indicates a more general effect of noise on bats with low
frequency echolocation calls. A model developed from these data shows a near linear
relationship between activity levels of the low frequency assemblage and background
noise level (Figure 20). The change of activity levels for low frequency echolocating bats
but not high frequency echolocating species may indicate a potential effect of gas
compressor noise on low frequency components of echolocation calls.
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Figure 20.
Modeled activity level of the low frequency bat assemblage in bat
minutes per sampling night corresponding to background noise level (dB(A)), with
standard error lines.

My data show that bats with high aspect ratio wings were less active at sites with
noise and noise did not appreciably affect bats with low aspect ratio wings. This
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unexpected result contradicts findings of other studies, which show that bats with low
aspect ratio wings are more prone to disturbance whereas bats with high aspect ratio
wings experience lower extinction risk (Jones et al. 2003; Safi and Kerth 2004). T.
brasiliensis, which was the species with high aspect ratio wings that was detected the
most, likely drove the finding that bats with high aspect ratio wings exhibit lower levels
of activity at sites with noise. T. brasiliensis also produces low frequency echolocation
calls. The effect observed here where a species with high aspect ratio wing morphology
and low frequency echolocation calls is negatively affected by noise, possibly highlights
the importance of echolocation when determining disturbance sensitivity. Although this
relationship is evident in only one species, given the challenges that many bat species are
currently facing, I suggest that it is prudent to include echolocation frequency along with
other important sensitivity metrics such as wing morphology (Jones et al. 2003; Safi and
Kerth 2004) in the assessment of extinction risk of bats.
With my discovery that noise shapes bat activity level in at least one species and
some assemblages, future investigations of the effects of human infrastructure and
urbanization on bat assemblages should consider noise as an important factor. Bennett
and Zurcher (2013) suggested that bat turning behavior when encountering roads was
correlated to noise levels of passing vehicles. These researchers proposed a disturbance
threshold of 88 dB (Bennett and Zurcher 2013). Without knowing the type of dB
weighting used, it is difficult to compare data from different studies or from different
noise sources (Francis and Barber 2013). However, if Bennett and Zurcher (2013)
reported noise levels in dB(A), I found that much lower levels of noise intensity can
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affect activity of some bat species, albeit from gas compressor station noise rather than
road noise.
The auditory sensitivity of bats encompasses a wide spectral range (Heffner and
Heffner 2008) and echolocation frequencies span from 8-210 kHz (Fenton and Bell
1981). Although most energy in anthropogenic noise is low frequency, many bat species
have echolocation calls that contain low frequency components, and thus it is possible
that bats are susceptible to masking from noise. Several North American species produce
low frequency echolocation calls and thus could be affected by anthropogenic noise.
These species include: Antrozous pallidus, Corynorhinus townsendii, Eptesicus fuscus,
Euderma maculatum, Eumops perotis, Lasiurus cinereus, Lasionycteris noctivagans,
Myotis thysanode, Tadarida brasillensis (Fenton and Bell 1981; Humboldt State
University Bat Lab 2011). Recently, Hage et al. (2013) show echolocation frequency
shifts in the constant frequency (CF) horseshoe bat, which has a dominant resting
frequency at 75 kHz (Hage et al. 2013). These bats shifted frequency when presented
with noise from a variety of spectral ranges, including noise from 10 kHz to 30 kHz
(Hage and Metzner 2013), indicating that perhaps even noise that does not spectrally
overlap echolocation signals can cause interference with echolocation processes (for
potential mechanisms, see Corcoran and Conner 2012). Perhaps this spectral sensitivity is
related to the specializations unique to CF bats or this could be a harbinger of more broad
scale implications on anthropogenic noise on bat echolocation.
Previous studies have shown that T. brasiliensis exhibit flexible echolocation calls
(Gillam and McCracken 2006) and a variety of vocalizations (Bohn et al. 2008).
Components of T. brasiliensis calls have been recorded as low as 25 kHz (Fenton and
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Bell 1981), possibly making th
them prone to potential masking by anthropogenic noise. T.
brasiliensis avoids jamming from insect noise (8
(8-30
30 kHz) by shifting call frequency
higher (Gillam
Gillam et al. 2007
2007), and it is possible that a similar shift occurs in anthropogenic
a
noise, such as broadband gas com
compressor noise (1-24 kHz at 2 m). Experiments
xperiments designed
to examine call frequency in different noise condit
conditions will determine if T. brasiliensis or
other bat species employ this strategy. The amount of energy development
elopment within the
range of T. brasiliensis is substantial (Figure 21), highlighting the necessity of
considering this prevalent disturbance when developing management strategies for this
species.

A.

B.
Geographic overlap of T. brasiliensis range (grey
grey area; Bat
Figure 21.
Conservation International
International, NationalAtlas.gov 2013) with A. compressor
ompressor stations in
the Western United States ((yellow regions; U.S. Geological Survey 2012)
2012 and B. gas
fields in the continental
ntinental U.S. (U.S. Energy Information Administration
Administrat
2013).

76

Some species rely on even lower frequency sounds to hunt, such as gleaning bats
that use prey-produced sounds. The potential effects of anthropogenic noise pollution on
the gleaning bat assemblage are poorly understood at the landscape scale, but equally
important. Prey cues fall within the spectral range of noise, making them prone to
spectral masking (Chapter 2, Dooling and Popper 2007; Siemers and Schaub 2011).
Unfortunately the recorded activity levels of gleaning bat species in the San Juan basin
were too low to test the hypothesis that this group might exhibit altered activity patterns
in response to noise. Additional field studies focused upon the gleaning foraging guild
will help elucidate the effects of noise on passive listeners that rely on low frequency
sounds.

Management Implications
Bats are bioindicators, keystone species, and provide a myriad of ecosystem
services (Jones et al. 2009; Kunz et al. 2011). They are economically important because
of their contributions to pest suppression for agriculture and human health and other
services, such as pollination (Kunz et al. 2011). One economic assessment estimated that
in a 4,000 ha region in Texas, T. brasiliensis save cotton farmers $638,000 in crop
damage annually (Cleveland et al. 2006). Although rarely acknowledged, these services
benefit the human population and represent one reason why managing the effects of
widespread noise pollution on bat species sensitive to this disturbance is of management
concern. North American bat populations are currently experiencing unprecedented
amounts of pressure as a result of the White Nose Syndrome epidemic (U.S.G.S. 2012)
and increased mortality from wind power development (Cryan and Barclay 2009).
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Alleviating the additional potential disturbance caused by anthropogenic noise pollution
could facilitate the recovery of these important species.
Noise pollution is a widespread problem, but fortunately there are a variety of
mitigation measures that are relatively inexpensive compared to the benefits of ecosystem
services provided by bats and are small in comparison to the profits earned by gas
extraction corporations. Noise produced by energy extraction development can be
reduced both by retrofitting existing infrastructure and by considering the impacts of
noise during the development and construction of new projects. Costs range between
$35,000 and $50,000 to retrofit an existing compressor station with sound dampening
walls that reduce the acoustic footprint of the machinery (Bayne et al. 2008). With the
development of new energy extraction projects, the use of a single large compressor
station outfitted with noise dampening technology versus many small stations scattered
across the landscape can reduce noise pollution (Francis et al. 2011b). These different
mitigation strategies can decrease the acoustic footprint of human development on the
landscape. With broad implementation of these measures, the negative effects of
anthropogenic noise on acoustic predators such as bats can be alleviated.

78

CHAPTER FOUR: AN OBSERVATION OF APPARENT TEACHING BEHAVIOR IN
PALLID BATS, ANTROZOUS PALLIDUS

Abstract
The ability to share information and learn from others is an important part of
sociality and has been discovered in a variety of taxa, including fish, insects, birds, and
mammals. Information sharing via social and observational learning has been described
in mammals, including bats. Teaching is defined more specifically as the modification of
a behavior, potentially at a cost to the individual and for the benefit of an observer, and,
to my knowledge, has not been documented in bats. During a captive study of pallid bat
(Antrozous pallidus) hunting behavior, I observed an apparent teaching interaction. An
adult female pallid bat, experienced with a hunting task, changed her behavior by
approaching a perched naïve sub-adult male bat several times before flying to a bowl of
mealworms on the ground. Within minutes of this interaction, the naïve male learned the
foraging task. By contrast, five other bats that were not exposed to a teaching bat took 412 days to learn the hunting task. The female bat modified her behavior in the presence of
the naïve observing male, resulting in a cost of reduced food availability to her when she
was hungry, while directing the male to food resources, and accelerating his learning of
the task. Thus, from this single anecdotal observation, I hypothesize that pallid bats are
capable of exhibiting teaching behavior.
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A behavior must meet three primary criteria to be defined as teaching (Caro and
Hauser 1992). First, an experienced individual, the teacher, must alter its behavior in the
presence of a naïve observer. Second, the interaction must not immediately benefit, and
may incur a cost to, the teacher. Third, the observer must gain information from the
interaction with the teacher that would have otherwise been difficult to acquire. Behavior
meeting these criteria has been documented in only a few organisms.
Meerkats (Suricata suricatta) exhibit teaching when adults alter food items with
young present, e.g., removing a scorpion (order: Scorpiones) stinger, before presenting
the scorpion to pups (Thronton and McAuliffe 2006). This facilitates learning of proper
handling techniques of dangerous prey. Ants (Temnothorax albipennis; Franks and
Richardson 2006), pied babblers (Turdoides bicolor; Rapaport 2006), and Atlantic
spotted dolphins (Stenella frontalis; Bender et al. 2009) also exhibit teaching behavior as
outlined by Caro and Hauser’s (1992) definition. Here, I tentatively add pallid bats
(Antrozous pallidus) to this list.
In summer 2012, I captured and housed seven pallid bats for an experiment
investigating the effects of anthropogenic noise on bat foraging behavior. In an anechoic
foam-lined flight room (7 m x 5.5 m x 4 m), the bats learned to find a single bowl (10 cm
diameter) of live mealworms randomly placed in an array of 30 bowls recessed in a
platform. The remaining 29 bowls functioned as controls and contained an equivalent
number of freeze-dried mealworms that were not available as prey. All bowls were
covered with a screen to prevent access to the mealworms and to limit the use of
echolocation in the foraging task. A dead mealworm was placed on the screen of the
target bowl, as a reward, and artificial mealworms made of electrical tape were placed on
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the tops of the screened, control bowls. This approach allowed the foraging bats to key in
on sounds produced by the live mealworms in the single baited bowl.
Training was required for the bats to hunt in this experimental design. Typically
the behavior was shaped beginning with the presentation of a large, flat bowl of live
mealworms on the floor of the flight room. After a bat began to frequent the flat bowl, it
was placed on top of the platform. Next, a bowl of mealworms recessed in the platform
was presented. Finally, the recessed bowl was screened (preventing access to the live
mealworms within) and a dead mealworm was provided on the screen as a reward. It took
4-12 days of training for most bats to learn the foraging process.
In one notable instance, an adult female pallid bat, experienced with the hunting
task, exhibited teaching behavior when flown with a naïve, sub-adult male. I caught both
bats at the same night roost and consequently they may have been familiar with one
another prior to being brought into captivity. The male was introduced to the flight room
for one night while in the presence of other bats, including the ‘teaching’ bat, but did not
successfully hunt. Two bowls of live mealworms were presented during the observed
interaction of apparent teaching. I placed a flat bowl with mealworms on the floor and a
covered, recessed bowl with dead mealworm rewards in the platform. I observed the
interaction while in the room with the bats, under dim red light, which bats perceive less
well than humans (Finley 1959).
The male bat was initially reluctant to fly and perched on the wall while the
female bat began flying and hunting from the flat bowl. She landed on the flat bowl
several times and then changed her behavior and flew within several centimeters of the
perched male. When the female approached the male, she did not make any squabble or
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irritation vocalizations (Brown 1976), indicating that this was likely not a threatening or
aggressive interaction. After the first approach, she flew away from the male, and then
flew within several centimeters of the male a second time. After the second approach, the
female bat landed on the flat bowl and began to eat. Once the female took flight, the male
bat left his perch and began following her; they circled the room together several times.
The male bat then began to land on the flat bowl and eat. He landed repeatedly and,
several times, both bats were observed eating from the open bowl together. When there
were not any mealworms remaining in the open bowl, the female started taking dead
mealworms from the screen of the recessed bowl. After the female had landed on the
recessed bowl several times, the male landed next to her on the bowl, thus performing the
desired hunting task. The male learned to hunt in the experimental design in a single
training session with the experienced female, on the second night of exposure to the flight
room, which is faster than when bats were trained without an individual exhibiting
apparent teaching behavior (tutor) or when bats learn via observational learning (Gaudet
and Fenton 1984).
Previous studies document observational learning in big brown (Eptesicus fuscus),
little brown (Myotis lucifugus), and pallid bats (Gaudet and Fenton 1984, Wright et al.
2011). Investigations of learning performance in insectivorous bats that exhibit different
foraging strategies found that species faced with complicated and variable hunting
environments learn complex tasks more quickly (Clarin et al. 2013). Pallid bats exhibit a
gleaning hunting strategy and, perhaps, are consequently required to quickly learn new,
relatively complicated tasks in a natural setting. What is unique about my observation is
the modification of behavior by the female bat, in the presence of the naïve observer bat,
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which classifies this behavior as teaching and not simply observational learning. The
interaction clearly exhibits the three criteria of teaching outlined by Caro and Hauser
(1992). First, the female bat changed behavior in the presence of the naïve male bat by
interrupting her foraging activities to approach the male multiple times. Second, her
behavior of gaining the attention of the male and demonstrating the hunting task cost her
access to additional food resources. Bats had access to food only during the hunting task,
so any food the female forfeited in the flight room was not compensated with additional
feeding. Bats were provided with enough food to maintain body weight, but they would
continue to eat if given the opportunity. The third and final requirement of teaching was
also met, as the male bat gained information about foraging in a novel environment that
would have otherwise required an additional 3 to 11 days to attain, had the interaction not
occurred.
This observation is the first known anecdotal documentation of apparent teaching
in bats. Future experimental studies designed to specifically test teaching interactions will
help elucidate this fascinating behavior.
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CHAPTER FIVE: DISCUSSION AND CONCLUSION

Few organisms are more sensitive and reliant upon sound than bats. As
anthropogenic noise spreads and intensifies across the landscape, the utilization of these
important sounds is put at risk and the livelihoods of these community members is
jeopardized. My research revealed that the North American gleaning bat, Antrozous
pallidus, experiences reduced foraging efficiency in both traffic and gas compressor
station noise at multiple intensities. I also found that low frequency echolocating bats,
including Tadarida brasiliensis, exhibit lower levels of activity at sites with loud gas
compressor stations while several species with high frequency echolocation calls do not.
These findings illustrate that some bat species are affected by noise pollution and that
echolocation call frequency may be an important component of disturbance sensitivity for
these species.
Future studies should target understanding the mechanisms behind the observed
negative effects of anthropogenic noise. Laboratory experiments that determine how
noise increases the difficulty of a hunting task for pallid bats will clarify what controls
this response. On a broader scale, understanding what drives the observed change in
activity level of some low frequency bat species across the landscape will aid in the
development of appropriate mitigation measures.
The findings presented in this thesis provide a novel view of how an important
human-made disturbance affects bats, an ecologically important group, in both a
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laboratory and natural setting. By considering the challenges associated with testing this
question, I developed important research practices that should be contemplated by future
investigators and recognize the boundaries of my own studies. Concurrent with these
findings is how best to implement this knowledge. Fortunately, there are mitigation
measures such as sound dampening walls, reduced speed limits, and quieter road surfaces
that can be considered to reduce the negative effects of anthropogenic noise.
With the recognition that noise pollution is an ecologically important source of
disturbance, we can improve our fundamental understanding of the human impact on the
environment. Energy extraction and transportation networks are arguably necessary to
maintain society. However, by considering the unintended impacts of this infrastructure
and establishing practices to reduce their negative effects, we can better preserve natural
resources. As members of the ecosystem and beneficiaries of its services, it behooves us
to manage our own actions to maintain proper ecological functioning.
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APPENDIX

AIC tables of all habitat models for bat activity levels for: all bats, echolocation and
wing aspect ratio assemblages, and individual species for acoustic monitoring data
from the San Juan Basin in northern New Mexico.
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Table A.1
AIC tables of all habitat models for bat activity levels for: all bats,
echolocation and wing aspect ratio assemblages, and individual species for acoustic
monitoring data from the San Juan Basin in northern New Mexico
All Bats
Wi

Model
Moon + Water
Forest + Moon + Water
Moon
Date + Water
Date + Date2 + Water

k
4
5
3
4
5

AIC
2500.94
2502.77
2509.97
2527.78
2529.37

∆AIC
0.00
1.83
9.03
26.84
28.43

0.71
0.28
0.01
0.00
0.00

Date + Forest + Water

5

2529.49

28.55

0.00

Date + Date2 + Forest + Water

6

2531.10

30.15

0.00

Water

3

2532.54

31.60

0.00

Forest + Water

4

2533.99

33.05

0.00

Date

3

2538.02

37.08

0.00

Date + Forest

4

2538.82

37.88

0.00

Date + Date2

4

2539.91

38.97

0.00

Date + Date2 + Forest

5

2540.71

39.76

0.00

Null

2

2543.70

42.76

0.00

Forest

3

2544.02

43.07

0.00

Model

k

AIC

∆AIC

Wi

Date + Date2 + Water

5

426.95

0.00

0.15

Low Frequency

Water

3

427.13

0.18

0.13

Date + Date2 + Forest + Water

6

427.96

1.01

0.09

Date + Water

4

428.03

1.08

0.08

Moon + Water

4

428.09

1.14

0.08

Date + Date2

4

428.17

1.22

0.08

Forest + Water

4

428.23

1.28

0.08

Null

2

428.88

1.93

0.06

Forest + Moon + Water

5

428.95

2.00

0.05

Date

3

429.14

2.19

0.05

Date + Forest + Water

5

429.37

2.42

0.04

Date + Date2 + Forest

5

429.81

2.86

0.03

Moon

3

430.06

3.11

0.03

Forest

3

430.56

3.61

0.02

Date + Forest

4

430.95

4.00

0.02

Model

k

AIC

∆AIC

Wi

Moon + Water
Forest + Moon + Water

4
5

1231.62
1233.41

0.00
1.79

0.67
0.27

High Frequency
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Moon
Date + Date2 + Water

3
5

1237.43
1239.38

5.81
7.76

0.04
0.01

Date + Date2 + Forest + Water

6

1241.21

9.59

0.01

Date + Date2

4

1243.80

12.18

0.00

Date + Date2 + Forest

5

1245.10

13.48

0.00

Date + Water
Date + Forest + Water
Date
Date + Forest
Water
Forest + Water
Forest
Null

4
5
3
4
3
4
3
2

1252.44
1254.34
1258.68
1260.04
1329.72
1329.95
1338.36
1339.51

20.82
22.72
27.06
28.42
98.10
98.33
106.74
107.89

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Model
Moon + Water
Forest + Moon + Water
Date + Date2 + Water
Moon
Date + Date2 + Forest + Water
Date + Date2
Date + Date2 + Forest

k
4
5
5
3
6
4
5

AIC
1235.78
1237.54
1241.51
1241.90
1243.34
1246.13
1247.40

∆AIC
0.00
1.76
5.73
6.12
7.56
10.35
11.62

Wi
0.65
0.27
0.04
0.03
0.01
0.00
0.00

Date + Water
Date + Forest + Water
Date
Date + Forest
Water
Forest + Water
Forest
Null

4
5
3
4
3
4
3
2

1254.08
1255.96
1260.57
1261.89
1329.89
1329.95
1339.02
1340.40

18.30
20.18
24.80
26.11
94.11
94.18
103.24
104.62

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Model
Forest + Moon + Water
Moon + Water
Moon
Water
Forest + Water
Null
Date + Date2
Date + Date2 + Water
Date + Date2 + Forest + Water
Date
Date + Water

k
5
4
3
3
4
2
4
5
6
3
4

AIC
395.24
395.51
396.15
396.30
396.61
396.64
396.78
396.80
397.14
397.50
397.57

∆AIC
0.00
0.27
0.91
1.06
1.38
1.41
1.55
1.56
1.90
2.27
2.34

Wi
0.14
0.12
0.09
0.08
0.07
0.07
0.07
0.07
0.06
0.05
0.04

Forest

3

397.72

2.49

0.04

Low Aspect Ratio

High Aspect Ratio
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Date + Date2 + Forest
Date + Forest + Water
Date + Forest

5
5
4

397.90
398.18
398.79

2.66
2.95
3.55

0.04
0.03
0.02

Model
Moon + Water
Water
Date + Water
Forest + Moon + Water

k
4
3
4
5

AIC
217.86
218.50
219.03
219.31

∆AIC
0.00
0.65
1.17
1.45

Wi
0.22
0.16
0.12
0.11

Forest + Water
Moon
Date + Forest + Water
Null
Date + Date2 + Water
Date

4
3
5
2
5
3

220.26
220.42
220.56
220.94
220.94
221.84

2.40
2.56
2.70
3.09
3.09
3.98

0.07
0.06
0.06
0.05
0.05
0.03

Date + Date2 + Forest + Water

6

222.38

4.53

0.02

Forest

3

222.94

5.09

0.02

Date + Date2

4

223.82

5.97

0.01

Myotis californicus

Date + Forest

4

223.83

5.97

0.01

Date + Date2 + Forest

5

225.80

7.95

0.00

Model

k

AIC

∆AIC

Wi

Moon + Water

4

1142.95

0.00

0.62

Forest + Moon + Water

5

1144.71

1.77

0.26

Myotis cillolabrum

Moon

3

1147.47

4.52

0.06

Date + Date2 + Water

5

1148.95

6.00

0.03

Date + Date2 + Forest + Water

6

1150.77

7.83

0.01

Date + Date2

4

1152.03

9.08

0.01

Date + Date2 + Forest

5

1153.37

10.43

0.00

Date + Water

4

1168.49

25.54

0.00

Date + Forest + Water
Date

5
3

1170.39
1173.35

27.44
30.40

0.00
0.00

Date + Forest

4

1174.77

31.83

0.00

Forest + Water

4

1262.00

119.06

0.00

Water

3

1262.11

119.16

0.00

Forest

3

1269.02

126.08

0.00

Null

2

1270.45

127.50

0.00

k

AIC

∆AIC

Wi

Myotis lucifugus
Model
Moon + Water

4

226.33

0.00

0.24

Water

3

226.67

0.34

0.20

Forest + Moon + Water

5

227.74

1.41

0.12
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Forest + Water

4

227.78

1.45

0.11

Date + Water

4

228.41

2.08

0.08

Moon

3

229.10

2.77

0.06

Date + Forest + Water

5

229.63

3.30

0.05

Null

2

229.88

3.55

0.04

Date + Date2 + Water
Date

5
3

230.41
231.29

4.08
4.96

0.03
0.02

Date + Date2 + Forest + Water

6

231.62

5.29

0.02

Forest

3

231.68

5.35

0.02

Date + Forest

4

233.14

6.81

0.01

Date + Date2

4

233.24

6.91

0.01

Date + Date2 + Forest

5

235.11

8.78

0.00

Model

k

AIC

∆AIC

Wi

Moon + Water
Water

4

313.91

0.00

0.22

3

314.56

0.64

0.16

Date + Water

4

315.08

1.17

0.12

Forest + Moon + Water

5

315.36

1.45

0.11

Forest + Water
Moon

4

316.31

2.40

0.07

3

Parastrellus hesperus

316.48

2.56

0.06

Date + Forest + Water
null

5

316.61

2.70

0.06

2

317.00

3.09

0.05

Date + Date2 + Water
Date

5
3

317.00
317.90

3.09
3.98

0.05
0.03

Date + Date2 + Forest + Water
Forest

6

318.44

4.53

0.02

3

319.00

5.09

0.02

Date + Date2

4

319.88

5.97

0.01

Date + Forest

4

319.88

5.97

0.01

Date + Date2 + Forest

5

321.86

7.95

0.00

Model

k

AIC

∆AIC

Wi

Forest + Moon + Water

5

368.50

0.00

0.14

Moon

3

369.29

0.79

0.10

Tadarida brasiliensis

Moon + Water

4

369.36

0.86

0.09

Null

2

369.59

1.09

0.08

Forest + Water

4

369.78

1.28

0.08

Water

3

369.95

1.45

0.07

Date + Date2

4

370.08

1.58

0.07

Forest
Date
Date + Date2 + Forest
Date + Date2 + Forest + Water

3
3
5
6

370.14
370.32
370.76
370.77

1.64
1.81
2.26
2.27

0.06
0.06
0.05
0.05
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Date + Date2 + Water
Date + Water

5
4

370.80
371.07

2.30
2.57

0.05
0.04

Date + Forest
Date + Forest + Water

4
5

371.16
371.27

2.66
2.77

0.04
0.04

